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Abstract

Municipal wastewater contains valuable substances such as energy, organic carbon and
nutrients. Recovery of these valuable substances may be a promising approach towards the

circular economy. However, their fate in the treatment processes is rarely studied holistically

and may have substantial variations between sites. The overall aim of this project is to reliably
determine the chemical energy and mass balances of wastewater treatment plants in the UK to

inform possible options for recovery of organic carbon (for energy), nitrogen and phosphorus.

This study firstly developed a novel method for rapidly measuring wastewater energy content
and determined the relationship between COD and chemical energy as 15.8 kJ/g COD. A
similar relationship is estimated for the sludge. Subsequently, chemical energy balance is built
on the COD balance. This study discovers only 20-30% of influent chemical energy can be
potentially recovered as CH4 for energy recovery. With this limited amount of energy recovered,
wastewater treatment is unable to be energy self-sustaining even that the influent energy is
more than 5-14 folds of the electricity consumption. Potential energy recovery opportunities
are found in the primary settlement, secondary treatment, sludge return liquor, and digested
sludge. In terms of nutrient, 17-41% of influent TN and 33-52% of influent TP are accessible
for recovery in the sludge return liquor and biosolid. The potential value recovery option is to

increase the capturing of nutrient into the sludge.

The impact of the implementation of energy and nutrient recovery measures on the overall
energy balance and mass balance are studied via modelling. The nutrient recovery measure
increases the nutrient loading in the sludge return liquor and biosolid and barely impacts the
energy balance. However, whilst reducing the electricity deficit, the energy recovery measures
tend to reduce the nutrient loading in the sludge return liquor but increase the proportion

distributed in biosolid and the final effluent.

The economic feasibility and sensitivity study of the implementation of the biosolid pyrolysis
is part of this research. Although it appears not to be economically viable at the current time,
it substantially improves the energy balance of the treatment work. Economically viability
could be achieved in the future if the influential capital cost can be reduced or better incentive

can be granted.






Declaration

I hereby declare that this thesis is my original research work. I truly acknowledged all the
sources of literature and information which has been used in this thesis. This thesis has not

been submitted for a degree at this or any other University previously.

Ziye Dai
15/03/2019

1






Acknowledgements

I would like to acknowledge my primary supervisor Dr Adam Jarvis, with thanks for providing
me lots of academic and technical support and encouragement. I am very appreciated his
enormous patience and help throughout my whole EngD study, especially at the time I failed.
Many great thanks to Mrs. Justine Easten, who has always been kind and helpful and have been
looking after me in every aspect of this EngD study. I would also like to thank Dr Jaime

Amezaga for being such a supportive director of the STREAM centre in Newcastle University

I would like to thank STREAM IDC and my sponsoring company Northumbrian Water and
Scottish Water for offering me the funding to complete this EngD. I would like to thank Dr
Mark Haffey previously from Scottish Water and especially Mr. Andrew Moore from
Northumbrian Water, who have always been supportive and have provided me with all the
resources | needed for this project. I also would like to thank Mr. Luke Dennis, Mr. John
Robinson, Mr. Andrew Hinsmarsh, and Ms Laura Wilkinson from Northumbrian Water, and

Mr. Robert McGinty and Mr. Jamie Lynch for their assistance during the sampling work.

I would like to thank my colleagues and co-workers who have given me advice and help and
had fun time together. Particularly, I would like to thank Mr. Dave Race for all his help in the
laboratory. I would like to thank my STREAM cohort IV members for their care and love.

I am incredibly thankful to my parents, my families and my friends back in China. Many thanks

for their patience and love.
Last but not least, greatest gratitude to my wonderful wife Teng Zhang, who sacrifices a lot for

staying in the UK for being me accompany. Without her endless support, I may not be able to

get through all the dark moments in this journey.

111






Table of Contents

Chapter 1 INTrOAUCHION ...eo.vviiiiiie ittt e et e st b e e be e e snees 1
1.1 Background and dITVETS .......coiuiiiiiiiiiiie it an e snnee e 1
1.1.1 Wastewater and wastewater treatment ............cccoovvvviiiniiniiiie i 1
1.1.2 Drivers for value recovery from WasteWater ..........cccvevrveeriiiieniiiieiniie e 2
1.1.3 Current status of value recovery from WasteWater ............ccocerveriniieneeiinieseeeeens 4

1.2 ATmS aNd ODJECTIVES ...uviiiiiiiiiiiic it 6
1.3 TRESIS SIIUCTUIE ....vveiuvieiie et sttt e sttt sttt sttt sttt e s sb e bt e smb e et esmb e e nbeeanbeesbeeantee e 8
Chapter 2 Literature REVIEW ........ccveiiiiiiiiiiiie ettt 9
2.1 The surrogate of chemical energy in wastewater and in sludge .........cccocceeviiiiiiinnnnne 9
2.1.1 Surrogate of wastewater chemical ENeTgY ..........cccvvveririiiieiiniieie e 10
2.1.2 Surrogate of sludge chemical Nergy ..........cceviiiiiiiiiiieiici e 13

2.2 Fate of valuables in wastewater treatment WOtk ............ccoeeiiiiiiiiiiiiicncc e 13
2.2.1 Fate of COD, N and P in primary settlement..............ccoccovviviiniiiinniiniiniies 15
2.2.2 Fate of COD, N and P in secondary settlement .............cccooveviriiiiiiininiiniciiiienes 16
2.2.3 Fate of COD, N and P in sludge treatment .............ccoovrvriiniiniiiiciincnee e 19
2.2.4 COD, N and P mass balance of wastewater treatment plants ............c.cccoceevririeennnn 20

2.3 Applying modelling of mass balance investigation and the impact of waste recovery .21

2.3.1 Wastewater Mass balance CONStraints .........ccocovereeirieniineeneeneesee e 21
2.3.2 Applying modelling for mass balance construction...........c.ccceeevveriiieeninieniieennne. 22
2.3.3 Applying modelling for studying waste TECOVETY ........c.cvrrrririmiririerieriieesneenneennens 23

2.4 ReS@ArCh QUESTIONS ...eeuveieiiiiie it ettt ettt ettt e e e e e e nbn e e e 24
Chapter 3 MethOdOLIOZY .....cc.vviiiiiiiieiieree e 26
3.1 Sample and data collection Methods............cooviiiiriiiiiiii e 26
3.1.1 Wastewater and sludge sampling .........c.ccoovveiiiiiiniiiiic e 26

3.1.2 SAMPIE SEOTAZE ...t 27



3.1.3 Flow and energy consumption data colleCtion...........cccccuevrviiiiieeiiiiesiiie e 28

3.2 ChemicCal ANAlYSIS ..uuiiiuiiiiiieiiiie ittt st e e 29
3.2.1 Chemical analysis Of WaStEWaALeT ........cccviiiiiiieiiiiiiiiie e 29
3.2.2 Chemical analysis Of STUA@E........c.ccivuiiiiiiiiiiicii e 33

3.3 StatiStiCal ANALYSIS ...eouviiieetiiiiiie e 37

3.4 Wastewater and sludge treatment modelling ..........c.ccoovviiiiiniiiiniei e 38
3.4.1 MOdel CONSIIUCTION ....veuriiieiieiii sttt 38
3.4.2 Influent charaCteriZation ............ccoiieiiiiieiieii et 46
3.4.3 Model calibration and validation .............ccccueiiriieniieiiice e 53

3.5 Construction of mass and chemical energy balances.............c.cocvrveiiiiiniienieieseennn, 60
3.5.1 Calculation of mass 10ading...........ccceciiiiiiiiiiiii 60
3.5.2 Calculation of chemical energy loading...........c.ccoeviviiiiiiiiiiiiii 61
3.5 3 FIOW Dalance ........cccviiiiiiiiiiii 62
3.5.4 Mass BalancCe ........cccuiiiiiiiiiiiii s 63
3.5.5 Chemical energy balance ...........cccvviiiiiiiiiiiii 65
3.5.6 Calculations related to the primary treatment...........ccocerieviiieeiiniiien e 67

Chapter 4 Results and Discussion: Chemical energy of wastewater and sludge...................... 70

4.1 Chemical energy of WaStEWALET ........c.cciviiiiiiieiiieee e 70
4.1.1 Method IMProVEMENL..........cocviiiiiiiieiicieesee e 70
4.1.2 Wastewater CharaCteriSTICS .........uirrrireirriereieiie e 71
4.1.3 The relationship between COD and chemical energy content of wastewater......... 73
4.1.4 The impact from diurnal variation to the chemical energy in wastewater-.............. 80

4.2 Chemical energy of SIUAE.........ooiviiiiiiiii e 83
4.2.1 Sludge CharaCteriSIC ......ccuueireerieiiiiesie et 83
4.2.2 The relationship between solids and chemical energy content of sludge ............... 89
4.2.3 The relationship between COD and chemical energy content of sludge ................ 92

4.3 Chapter SUIMMATY ......c.oiiiiiiiiiiieiisie bbb nre s 94



Chapter 5 COD Mass Balance and Energy Balance of Wastewater Treatment Plants............. 96

5.1 Model calibration and validation ............cceiiiiiiiiiiiiese e 96
5.1.1 Wastewater and sludge treatment models ..........ccoccuveviiiiiiiiiiie 96
5.1.2 Calibration and validation of the wastewater treatment models.............c.c.coeenn. 100
5.1.3 Calibration and validation of the sludge treatment models .............ccccoevvirvrnnnn 103

5.2 The COD mass balance and chemical energy balance of treatment processes............ 107

5.2.1 The COD mass balance and chemical energy balance of primary settlement units

........................................................................................................................................ 107
5.2.2 The COD mass balance and chemical energy balance of secondary biological
treatment (activated STUAZE) .......veiviiiiiiii s 110
5.2.3 The COD mass balance and chemical energy balance of sludge thickening and
AeWatering FACTIIEIES .....veiieiiiiie it sbe e 112
5.2.4 The COD mass balance and chemical energy balance of anaerobic digestion..... 114
5.3 Energy recovery opportunities based on WWTP mass balances ............cccoceviuerrnnnnn. 116
5.3.1 Energy product of wastewater treatment ..........ccocveveeiieeiieniiee e 116
5.3.2 Energy product of sludge treatment ............ccceeieeeiiiiiiiie i 117
5.3.3 Energy recovery potential from WasteWater ...........cccevuverrieeiiiee e 119
5.4 Case studies Of €NergY TECOVETY ...ccuiiiiiiiiiiiiiiiieii e 126
5.4.1 Case study: Improving solids removal efficiency in primary settlement.............. 128
5.4.2 Case study: Reducing the sludge retention time prior to digestion ..............c....... 133

5.4.3 Case study: Recovering energy from the dewatered digested sludge via pyrolysis

5.4.4 Case study: Replacing the activated sludge processes with an energy-generating

ANAECTODIC MEMDIANE TEACTOT UNIE .. eeeveeeeeeeee et eeee e et e e e e e e e e e e e e e e e ee e e eeretaeeerenneeeennaees 139
5.5 Chapter SUMMATY ....c.vviiiiieieeiiee et e e sne e s ne e s e e e e e sneeaneennneas 143

Chapter 6 Results and Discussion: Nitrogen and Phosphorus Mass Balances of Wastewater

TTEALIMENT PLANLS .. oiieeeeiiee s ettt ettt et e e e et ettt et e e e eeeeeeet e e seeeeeseeeteaeeeeeseseennrnnns 145

6.1 Nitrogen and phosphorus mass balance of individual treatment processes................. 145



6.1.1 Nitrogen and phosphorus mass balances of primary settlement units .................. 145

6.1.2 Nitrogen and phosphorus mass balance of secondary biological treatment as

ACTIVALEd STUAZE ... e 147
6.1.3 Nitrogen and phosphorus mass balance of sludge thickening and dewatering..... 150
6.1.4 Nitrogen and phosphorus mass balance of anaerobic digestion ............c.ccevernee. 152
6.2 Discussion of the recovery opportunities based on plant wide mass balances............ 152
6.2.1 Nutrient product of wastewater treatment............oocververirierieieseeseee e 152
6.2.2 Nutrient product of sludge treatment ............cccvevviieiiiiiieciicee e 155
6.2.3 Nutrient recovery potential from WasteWater ...........ccooveeiiiriieiie e 157
6.3 Case studies Of NUITIENE TECOVETY ...cuvieiriiiieriieiiiesieeeiee st 160

6.3.1 Case study: Benefits to nutrient recovery of enhancing nutrient removal during

WasSteWater treatMent ........ccovcviiiiiiiiii 161
6.3.2 Case study: Impact on nutrient recovery of improved primary settlement........... 166
6.3.3 Case study: Impact on nutrient recovery of reducing sludge storage time ........... 169

6.3.4 Case study: Impact on nutrient recovery of using an anaerobic membrane reactor

as secondary biological treatmMent ..........cocvveiiiieiiiieiiiee e 171
6.4 Chapter SUMMATY ......cooiiieiiiiiiesee e e nne s nneeens 173
Chapter 7 Business case study: pyrolysis of the biosolid for further energy recovery.......... 176
8 B 21 (0T L Lo 103 s D OO PRSP PP PP UPP PP 176
T2 MEROM ...t 177
7.2.1 The calculation of cash flOWS ........cccoiiiiiiiiii e 178
7.2.2 The calculation of payback period, NPV and IRR............cccooveiiiiiiiiii 179
7.2.3 Sensitivity study on the UNCertainty ..........c.ccovvvriiiiiiiiiiiiciiee e 181
7.3 Result and DiSCUSSION ......eeiuiiiiieiiieiiieitie ettt be e sneeanes 182
7.3.1 ENErgy DalancCe........c.cooeiiiiiiieiiicee s 182
7.3.2 CaSh flOW .o 189
7.3.3 The economic evaluation and the sensitivity study on the uncertainties............... 194

7.3.4 Environmental BENETTt ... .. ooveeee ettt 200



7.4 CRAPLET SUMIMATY ...eiiiiiiiiiiie ittt e et e e ssb e e sbb e e s bb e e sbreesseeesnneeeanes 201

Chapter 8 Conclusion and Recommendation.............ccvviiiiiiiieiiiieniiee e 202
8.1 CONCIUSION ...ttt esne e e e s e e e r e e snn e e neennne s 202
8.1.1 Chemical energy of wastewater and sIudge...........ccccovvveviiiiniiiiiin s 202

8.1.2 Investigation of chemical energy balance and COD, nitrogen and phosphorus mass

balance

8.1.3 Investigation of chemical energy balance and COD, nitrogen and phosphorus mass

DALANCE ... 206

8.2 RECOMMENAATION ...ttt e e e e snne s 209
Appendix A. TN Adjustment for Sludge Sample ..........ccooeriiiiiiiien e 211
Appendix B.  The value range of the kinetic and stoichiometry of the biological models.212
Appendix C.  Sludge density calculation...........ccccviiiiiiiiiiiiiii e 217
Appendix D, Model calibration .........ccocvviiiiiiiiiiiiiie i 219
Appendix E.  The observed and predicted flow and concentration data..............c.cccoeernne. 230
Appendix F.  Conceptual modelling for investigating the impact of population equivalent to
energy and mass DAlANCE.........ocviiiiiiie s 232

References.....






List of Figures

Figure 1-1 Schematic of typical wastewater treatment and sludge treatment ................cccueene 2

Figure 1-2 The schematic of linear economic model and circular economic model (IWA,

20T6) ettt E et 3
Figure 3-1 Relationship between TP and COD of WWTP C......cooviiiiiiiiiiiiiicicicn, 49
Figure 3-2 Relationship between TP and COD of WWTP C.......cccoovvviiiiiiiiiiiiiiiiee i 49

Figure 4-1 Plots of Eww of different sample groups against COD, pCOD or TOC. (A) Eww of
Composite Samples against pCOD, (B) Eww of Composite Samples against TOC, (C) Eww of
Composite Raw against COD, (D) Ewof Composite Samples against COD; (E) Eww of Spot

Raw against COD, and (F) Eww of All Samples against COD .........cccccoiiiiiiiiniieiieeiee e 76
Figure 4-2 Individual value plot of pCOD:COD of Composite Raw and Spot Raw............... 81
Figure 4-3 The hourly flow, COD and energy loading to the WWTPAand C ...........c..coe.e. 82
Figure 4-4 Plots of Es against TS, VSs and TOCs (A) Esagainst TS, (B) Es against VS, and

(C) EsQ@AINSE TOC 5. veiiieiiiieitie sttt ettt b et be e sb e e b e e e e nnneaneennne s 90
Figure 4-5 Physico-chemical fractionation of total COD in the sludge (Foladori et al., 2010)

.................................................................................................................................................. 92
Figure 4-6 The relationship between COD and VS in wastewater.............cocevvriiinnnneniennn, 93
Figure 4-7 The relationship between energy content (kJ/g) and COD in sludge..................... 94
Figure 5-1 The wastewater treatment model of WWTP A.........ccooviiiiiiiiii, 97
Figure 5-2 The wastewater treatment model of WWTP B..........ccoooiiiiiiii 97
Figure 5-3 The wastewater treatment model of WWTP C......c.ooooviiiiiiiiie 98
Figure 5-4 The wastewater treatment model of WWTP D ..., 98

Figure 5-5 The model of WWTP C’s wastewater treatment and sludge thickening and
dewatering prior to anaerobiC dIZESLION..........cvierieerriiirierei e 100
Figure 5-6 The model of WWTP C’s anaerobic digestion and the subsequent sludge
AEWALETINE ...ttt b et b e bt sb e sb et r e nre s 100
Figure 5-7 Comparison between the observed results and predicted results of the modelling of
four WWTPs (A)WWTP A,(B) WWTP B, (C)WWTP C and (D) WWTPD........cceevvrrennes 102
Figure 5-8 Comparison between the observed results and predicted results of the modelling of
SIUAZE trEALMENE .......eiiiiiiiieiic e 106
Figure 5-9 The COD mass and chemical energy balances of primary settlement in a daily

basis at the four WWTPs investigated ..........ccoovviiiiiiiiiiieie e 108



Figure 5-10 The impact of CODs concentration and fractions to the percentage COD captured
N PIIMATY STUAZE ..vviiiiie et b et bee e 109
Figure 5-11 The impact of HRT to the percentage COD captured in primary sludge ........... 109
Figure 5-12 The COD mass and chemical energy balances of activated sludge in a daily basis
at the four WWTPs Investigated ........ccuoiiiiiiiiiiiiiii e 111
Figure 5-13 The TSS, VSS, COD mass balances and chemical energy balance of the sludge

thickening and dewatering processes in WWTP C........ccooiiiiiiiiiiiic 112
Figure 5-14 The COD and chemical energy balance of anaerobic digestion in WWTP C.... 114
Figure 5-15 The COD and chemical energy mass balance of the four WWTPs investigated116
Figure 5-16 The COD and chemical energy balance of the sludge treatment in WWTP C .. 118
Figure 5-17 Schematic illustration of different approaches to heat supply to the THP......... 122

Figure 5-18 The breakdown of daily electricity consumption (kWh/d) of WWTP C ........... 127
Figure 5-19 The conceptual model CM-4-1 ........cccciiiiiiiiiiiiiii s 129
Figure 5-20 Schematic illustration of the dewatered digested sludge pyrolysis module....... 137
Figure 5-21 The conceptual model CM-4-2 .........cccviiiiiiiiiieiice s 140
Figure 6-1 The nitrogen and phosphorus mass balances of primary settlement in a daily basis
at the four WWTPs InVestiated .........cccviiiiiiiiiiiiii i 146
Figure 6-2 The nitrogen and phosphorus mass balances of secondary biological treatment in a
daily basis at the four WWTPs investigated ..........c.covoiviriiiiiiiiiicere e 148
Figure 6-3 The nitrogen and phosphorus mass balances of the sludge thickening and
dewatering processes in WWTP C.......cooiiiiiiiiiiiii e 151
Figure 6-4 The nitrogen and phosphorus balances of the four WWTPs investigated ........... 153
Figure 6-5 The nutrient balance for the sludge treatment process of WWTP C.................... 156
Figure 6-6 The CM-5-1 mMOdel.........oooiiiiiiii e 162
Figure 7-1 The energy balance (EBgr) of the Base Case ..........ccocovveiiiiiiiiiiiciiiici 184
Figure 7-2 The energy balance (EBgr+rp) of the Base Case system with biosolid pyrolysis
................................................................................................................................................ 186
Figure 7-3 The energy balance (EBcup) of the system has no CH4 grid injection ................ 188
Figure 7-4 The energy balance (EBcup+rp) of the system has no CHg grid injection but with
DI0SOLIA PYTOLYSIS 1.ttt 189
Figure 7-5 The percentage breakdown of income of different cash flow ..............cccccinnen. 194
Figure 7-6 The spider chart of payback period............ccccooiiiiiiiiiiiiii e 194

Figure 7-7 The spider chart of the NPV ........cccooiiiiiiiiiii 195



Figure 7-8 The spider chart of the IRR

Figure 7-9 The probabilistic distribution of NPV obtained from Monte Carlo Analysis

(Korytarova and Pospisilova, 2015) ....

Figure F-1 The conceptual model CM-F-1.......ccccoiiiiiiiiiiiiee e






List of Tables

Table 1-1 Overview of the 4 Investigated WWTPS ........ccociiiiiiiiiii e 7
Table 2-1 The kJ/g COD values of commonly found organics in wastewater studied by Owen
(1982 ) etttk h et E e Rt Rt R bt e R e e e R b e e Rt e e b e e be e e nbeenneeabeennne s 11
Table 2.2 The ratio of COD, TN and TP loading in the sludge return liquor to the influent

loading reported IN HEETALUIES ....ccivviiiiiie it 19
Table 3-1 The default and adjusted values of related kinetic of the Al2(SOa4)3-18H2O for
VIrtual SCOD T@MOVAL.....cuiiiiiiiii ettt e s 40
Table 3-2 The configuration of the primary settlement tanks of each WWTP ..............ccceee. 42
Table 3-3 The configuration of the activated sludge process and the subsequent clarification
Process for €aCh WWTP ... 43
Table 3-4 The volume of the sludge storage tanks...........cccveviriiiieiiniinie e 45
Table 3-5 The concentration and fraction used for characterizing the imported sludge.......... 52

Table 3-6 The influent liquid streams, effluent wastewater streams and sludge streams of the
flow balance of each INdivIidUAl PrOCESS ......cicvviiiiiiiiiiiii i 63
Table 3-7 The influent and effluent wastewater streams and sludge streams used in the mass
balance of each INdividUAl PrOCESS .......oieeiviiiiiieiiiie e 64
Table 3-8 The influent and effluent wastewater streams and sludge streams of the energy
balance for each individual ProCess ........cccciiiiiiiiiiiiiici s 66
Table 4-1 Mean COD and Eww (£ standard deviation) of wastewater samples from this
research compared to literature values...........cocooiviiiiiiiiiiecee e 72
Table 4-2, Best regression for estimating wastewater €Nergy........cccovvvvvrreerrinieeieeresinnseennenns 74
Table 4-3 Regression equations of regressions between Eww and pCOD, TOC and COD
ShOWN 1N FIGUIE 4-1 ..ot 76
Table 4-4. Common organic compounds and their calculated energy values............c.c.cceei. 77
Table 4-5 Chemical energy contributed by commonly found substances unaccounted for in
the COD MEASUTEIMENL .......eiiiiieiie ittt ettt ettt ettt e et e bt e be e s e e e beeanbeesbeeeneenneeanns 79
Table 4-6 The mean value (+ standard deviation) of TS%, VS/TS%, TOC/TS%, TN/TS%,
TP/TS% and chemical energy content of the dried sludge and wet sludge ...........c.ccovevvrrnnne. 1
Table 4-7 Best regression for estimating WasteWater €Nergy.........ccoovvrvereerrinirereeiesineseennenns 89

Table 4-8 Regression equations of regressions between Es and TSs, VSs and TOCs shown in



Table 4-9 Energy related characteristic of sludge reported in literature ............ccccveviveeiinennne. 91

Table 5-1 The influent water quality, and other input variables, used for the modelling of each

Table 5-2 The predicted different type of CODs of the feed sludge to different sludge
thickening and dEWatEIINE .......cuviiiiiiiiiii it e e 105
Table 5-3 The predicted influent and effluent CODs concertation and the CODs removal
efficiency of primary settlement in four WWTPS.......c.cccoiiiiiiiiiiiic e 109
Table 5-4 The predicted sCOD and COD concentration in different filtrates and centrates . 113

Table 5-5 The estimated chemical energy production potential from the four study WWTPs

................................................................................................................................................ 120
Table 5-6 The estimated electricity production of different wastewater............cc.cceevvernennn. 124
Table 5-7 The per unit electricity consumption of the primary settlement, aeration, sludge

treatment and fixed consumption of the WWTP C.......coooiiiiiiiii e 128
Table 5-8 The chemical energy balance of the models with different SREps...........ccccovenenn 131
Table 5-9 COD, Substrate COD and Heterotrophic biomass COD of the sludge fed to the raw
SIUAEE STOTAZE tANK.......eiieiiiiici s 132
Table 5-10 The electricity balance of the models with different SREps .........cccccvvvviiiiiinnnns 133

Table 5-11 The change of sCOD, pCOD and COD over different raw sludge storage time . 135
Table 5-12 The chemical energy balance of models with different raw sludge storage time 135
Table 5-13 The electricity balance of models with different Raw sludge storage time.......... 136
Table 5-14 The chemical energy balance of the baseline model outputs and the AnMBR
MOAET OULPULS ...t 141
Table 5-15 The electricity balance of the activated sludge and the AnMBR processes ........ 142
Table 6-1 The particulate phosphorus, TP, the particulate nitrogen and TN of the raw

wastewater of the four study WWTPS ..o 147
Table 6-2 The predicted concentrations of different types of nitrogen of the activated sludge

treated effluent at the four WWTPs investigated...........ccooviiiiiiiiiiiieecc e 150
Table 6-3 Nutrient concentration of different filtrates or centrates ...........c.cccoevvviiiiecrnnnnn. 152

Table 6-4 The estimated percentage TN and TP kept in the dewatered digested sludge....... 157
Table 6-5 The estimated percentage TN and TP (existing as NH4*-N and PO4*-P) kept in the
raw sludge centrate and digested sludge centrate ..........cccceeviiiiiiiii e, 159

Table 6-6 The TN and TP percentage mass balance of the baseline, ferric dosing and EBPR



Table 6-7 The concentration and loading of NH4"-N and PO4*"-P in the raw sludge centrate
and digested sludge centrate of models with different phosphate removal scenarios ........... 164
Table 6-8 The TN distribution in the output of the combined wastewater and sludge treatment
in models with different phosphate removal SCEeNArios..........cccovicviiiiiiiiiiiciee e 164
Table 6-9 The TP distribution in the output of the combined wastewater and sludge treatment
in models with different phosphate removal SCEeNarios..........cccvvvvviiiiiieiiiie i 164
Table 6-10 The chemical energy balance of the models with different phosphate removal
SCEIIATIOS 1.ttt suteesteesseeesteeesteeasbeasbeeeseeesbeeohe e e a bt e ohs e ekt e e R e e e ab e e eE s e e b e e ee b e e b e e emb e e nbe e anbeenbeeenbeenbeeants 165

Table 6-11 The electricity balance of the models with different phosphate removal scenarios

Table 6-12 The concentration and loading NH4"-N and PO4*"-P of raw sludge centrate and
digested sludge centrate under different solid removal efficiency of primary settlement..... 167
Table 6-13 The TN distribution in the output of the combined wastewater and sludge
treatment under different solid removal efficiency of primary settlement ...............cccoeeneee. 168
Table 6-14 The TP distribution in the output of the combined wastewater and sludge
treatment under different solid removal efficiency of primary settlement ..............c.cccoeenee. 168
Table 6-15 The concentration and loading NH4"-N and PO4*-P of raw sludge centrate and
digested sludge centrate under different raw sludge tank volume scenarios.............cccee.ee. 170
Table 6-16 The TN distribution in the output of the combined wastewater and sludge
treatment under different raw sludge tank volume SCenarios ..........cccccceevvveeiiiieiiiieniineenne, 170
Table 6-17 The TP distribution in the output of the combined wastewater and sludge
treatment under different raw sludge tank volume scenarios ..........c.cccvcveviiieiiiniiniciieieen 171
Table 6-18 The concentration and loading NH4"-N and PO4*-P of raw sludge centrate and
digested sludge centrate of models with different secondary biological treatment................ 172
Table 6-19 The TN distribution in the output of the combined wastewater and sludge
treatment in different scenarios of secondary biological treatment ............c.ccoevvviiiiiiinnnnnn 172
Table 6-20 The TP distribution in the output of the combined wastewater and sludge
treatment of models with different secondary biological treatment .............ccccoovvriieriinnnnne 173
Table 7-1 The estimated CAPEX of the components of the biosolid pyrolysis .................... 190
Table 7-2 The annual cash flow of different energy balance and under different scenarios..193
Table 7-3 The impact to the NPV, IRR and Payback period if a £20% change is given to the
parameters tested fOT SENSIEIVITY.....ouuiiriiiieiie e 196

Table A-1 Adjusted TN% of different type of sludge of Howdon WWTP.........c..coceiiinnnns 211



Table B-1 The value range of the kinetic and stoichiometry of the biological models ......... 212
Table D-1 The calibrated parameters of the wastewater treatment model of WWTPA........ 219
Table D-2 The calibrated parameters of the wastewater treatment model of WWTP B........ 220

Table D-3 The calibrated kinetics and stoichiometry of the wastewater treatment model of

Table D-5 The calibrated kinetics and stoichiometry of the primary sludge storage, thickening
ANA EWALETIINZ ..eeevvieiiiie ettt e et e s bt e e s bt e e e bb e e e ebb e e s bb e e e bb e e anbeeennbeeeas 223
Table D-6 The calibrated parameters of the SAS storage, thickening and dewatering ......... 223
Table D-7 The calibrated parameters of the raw sludge storage, thickening and dewatering224
Table D-8 The calibrated parameters of the anaerobic digestion process and subsequent
sludge storage, thickening and deWatering ............cccevvieiiiiiieiie i 224
Table E-1 The observed and predicted flow and concentration of the modelling of wastewater
treatment Of fOUr WWTPS.....oooii e 230
Table E-2 The observed and predicted flow and concentration of the modelling of sludge
thickening, dewatering and digestion of WWTP C ..o 231
Table F-1 Dimensions of the primary settler, aeration tank and final clarifier.................... 233
Table F-2 Chemical energy balance and COD, TN and TP mass balance of the conceptual

treatment work in different flow CONAItION ......uniiieeee e 234



Chapter 1 Introduction

This Chapter first introduces the background and drivers for the research undertaken in Section
1.1. The aims and objective are proposed in Section 1.2. The thesis structure is shown in Section

1.3.
1.1 Background and drivers

1.1.1 Wastewater and wastewater treatment

Municipal wastewater comes from the water from toilets, baths, sinks and washing machines
in homes, from water used in industry, and from rainwater runoff (DEFRA, 2012). This water
is contaminated with organic matter, nutrients, metals, oils, pathogens, and other pollutants
(DEFRA, 2012, Tchobanoglous et al., 2003). Direct discharges of wastewater to the
environment may cause severe damage to the water environment, such as eutrophication of the
receiving waters caused from the excessive input of nutrients, ecosystem damage to receiving
waters due to the oxygen depletion during microbial biodegradation of organic matter, and
health risks caused by the pathogens from wastewater entering into waters used for recreational
purposes e.g. bathing waters (DEFRA, 2012). Therefore, wastewater treatment is crucial to

ensure that wastewater quality is of a suitable standard to return to the environment.

Wastewater from different sources is collected in the sewerage network and flows into
wastewater treatment works. Wastewater treatment generally has three stages: (1) preliminary
treatment (2) primary treatment and (3) secondary treatment (Tchobanoglous et al., 2003,
DEFRA, 2012). Preliminary treatment typically involves screening out large solids, such as
wood and plastics, and removal of grit. Primary treatment has the objective of settling
suspended particulate matter. Secondary treatment is usually biological and is used to remove
the residual particulate and soluble contaminants. In some cases tertiary treatment is required
for removing specific types of pollutant (Tchobanoglous et al., 2003). Once pollutant
concentrations are lowered to below the consent level, wastewater can be discharged back to

environment.



The treatment processes, especially the primary and secondary treatment, produce sludge as a
by-product. In current practise the produced sludge is commonly sent for anaerobic digestion
(AD). Since AD requires the feed sludge to have a certain moisture level (Mills et al., 2014),
sludge goes through a thickening process to remove the extra undesired water content. The
anaerobic digestion of sludge produced digested sludge and biogas contains biomethane and
CO> (Smyth et al., 2016, Wan et al., 2016, Tchobanoglous et al., 2003). The digested sludge
will be dewatered and usually sent for land application (DEFRA, 2012). The produced
biomethane will be commonly used onsite for electricity generation or injected to the gas grid
(Mills et al., 2014). A schematic flow diagram of the wastewater and sludge treatment process
is shown in Figure 1-1.
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Primary Secondary Final
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from Sludge Dewatering
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Figure 1-1 Schematic of typical wastewater treatment and sludge treatment

1.1.2 Drivers for value recovery from wastewater

In essence, wastewater is a used resource that is disposed of to a wastewater treatment facility
in order to minimize the harm of that disposal. This reflects the conventional economic model
of “take-make-consume-dispose”: resources are taken from the environment, made into
products, consumed by society, and finally disposed back to the environment (IWA, 2016).

This economic model heavily relies on the abundance of natural resources (IWA, 2016). If the
2



natural resource is finite, then this economic model is not sustainable (IWA, 2016). A schematic

illustration of the linear economy model is shown in Figure 1-2.

Linear Economic Model

Natural
Resource

Circular Economic Mode/

Q I |
Natural v
Resource
Recover/

Recycle/
Reuse

Figure 1-2 The schematic of linear economic model and circular economic model (IWA, 2016)

Pearce and Turner (1990) proposed a concept of circular economy. In 2015, the European
Commission defined the circular economy as follows: “In a circular economy, the value of
products and materials is maintained for as long as possible. Waste and resource use are
minimised, and when a product reaches the end of its life, it is used again to create further
value.” The European Union also set a target to recycle 65% of municipal waste by 2035
(European Commission, 2019). Wastewater is rich in organic carbon, nitrogen and phosphorus
content (Ainger et al., 2009). Cellulose, plastics, fertilizers, energy of methane, hydrogen and
electricity have all been reported to be recoverable from wastewater (van der Hoek et al., 2016,
Scherson and Criddle, 2014, McCarty et al., 2011, Cotterill et al., 2018, van der Hoek et al.,

2018). Therefore, wastewater is no longer just a waste to dispose of, but actually a resource to
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society. Wastewater treatment works can then be transformed into a chemical process plant for
extracting these valuable substances back into products (Ainger et al., 2009). The recovery of
chemical energy, nitrogen and phosphorus from wastewater could also bring in environmental
benefit, such as tackling the fossil scarcity and the phosphorus shortage (Mayer et al., 2016,
Wan et al., 2016). Value recovery from wastewater will therefore play an important role in the

circular economy (IWA, 2016).

1.1.3 Current status of value recovery from wastewater

Substances commonly recovered from wastewater are organic carbon, for chemical energy, and
nutrients for fertilizer (McCarty et al., 2011, Mayer et al., 2016, Stoll et al., 2018). Currently
full-scale value recovery is mainly from wastewater treatment sludge rather than directly from
wastewater (Bowen et al., 2010, Smyth et al., 2016, Mills et al., 2014, Miinch and Barr, 2001).
The approach to energy recovery is anaerobic digestion of the sludge for methane production
(Smyth et al., 2016, Bowen et al., 2010, Mills et al., 2011). The approach to nutrient recovery
is typically to utilize the digested sludge as fertilizer for agricultural land application.
Alternatively phosphate and ammonium may be precipitated to produce the slow release
fertilizer struvite (magnesium ammonium phosphate), usually from the reject water produced
from digested sludge dewatering (Miinch and Barr, 2001, Ostara, 2010, Paz-Ferreiro et al.,
2018).

However, current practices only recover limited amounts of the valuable substances flowing
into wastewater treatment plant (WWTP). A mass balance study of a Singapore WWTP
suggested that only approximately 18% of the organic carbon from the raw wastewater was
recovered as methane (Shi, 2011). Meanwhile, 11% of the nitrogen and 20% of the phosphorus
from the raw wastewater were found in the reject water produced from the digested sludge
dewatering, whilst 12% of nitrogen and 43% of phosphorus from the raw wastewater ended in
the dewatered digested sludge (Shi, 2011). It is worth noting that the recovery efficiency can
vary substantially from site to site. In another mass balance study of an Austrian WWTP,
approximately 36% the organic carbon from the raw wastewater was recovered as methane

(Wett et al., 2007).



Mass and energy balance is a very useful technique for process evaluation, designing and
benchmarking WWTP (Yeshi et al., 2013). More importantly, it can be used to guide process
improvement to promote value recovery from wastewater (Yeshi et al., 2013). However, there
are few studies that perform plant wide holistic mass balance investigation of organic carbon,
nitrogen and phosphorus together (Yeshi et al., 2013). Meanwhile, the construction of mass and
energy balance required proper flow and concentration measurement of each influent and
effluent of the treatment process (Tchobanoglous et al., 2003). The construction could be
constraint by the poor flow and concentration monitoring, since water companies do not often
synchronously measure flow and concentration on each influent and effluent of their treatment
process (personal communication, M Haffey, Scottish Water, April 2015, personal

communication, L Wilkinson, Northumbrian Water, June 2015).

As mentioned above the organic carbon recovered from wastewater is used for energy
application. Although some efforts have been made to construct chemical energy balances for
wastewater treatment works from the organic carbon (expressed as chemical oxygen demand,
COD) mass balance, the relationship between chemical energy and the COD of wastewater is
yet to be reliably defined (Wan et al., 2016, Wett et al., 2007). The approach to measurement
of chemical energy is to dry the wastewater first, and then to measure the calorific value of the
dried wastewater via bomb calorimetry (Korth et al., 2017, Shizas and Bagley, 2004, Heidrich
et al., 2010). The drying stage is vital to the accuracy of the energy measurement because it has
to retain as much of the energetic organic carbon in the dried wastewater and it should be time
efficient to allow large amount of measurements (Heidrich et al., 2010, Korth et al., 2017). The
current method applied for drying is freeze-drying. However, whilst this is able to retain more
than 80% of the organic carbon originally contained in the wastewater it requires approximately
4 weeks to process a sample (Heidrich et al., 2010). Furthermore, neither freeze driers or bomb
calorimeters are equipment commonly possessed by water companies (Korth et al., 2017,
Schaum et al., 2016). Therefore, to construct a reliable chemical energy balance, a reliable and
time efficient drying method is required. With greater amount of sample being analyzed, the
relationship between chemical energy and COD or another proper surrogates can be better

defined.



The implementation of value recovery initiatives may have a negative impact on existing
treatment performance at WWTPs. As stated in Section 1.1.1 and shown Figure 1-1, wastewater
and sludge treatment consists of a series of mechanical and biological processes. The
introduction of new value recovery technologies, or the improvement of current value recovery
technologies at a WWTP, may influence the performance of a process and consequently affect
the downstream processes. For instance, if a WWTP has a nutrient discharge consent, the
recirculation of its nutrient rich reject water from the digested sludge dewatering back to head
of the work, will stress the treatment process (Miinch and Barr, 2001). Implementation of
struvite recovery, which recovers the nutrient from rejected water (from the sludge dewatering)
into fertilizers, will reduce the stress to the wastewater treatment performance (Miinch and Barr,
2001). However, in the example of cellulose recovery, if the cellulose, which is an organic
carbon resource, is captured prior or post the primary treatment but not sent for digestion, the
organic loading carbon loading to the digester will be reduced (van der Hoek et al., 2016). This
causes an adverse effect to the current organic carbon recovery as biomethane production

becomes smaller (van der Hoek et al., 2016).
1.2 Aims and Objectives

Current efforts to recover value from WWTPs focus on sludge, but the degree to which
substances are recovered is variable and/or low (Shi, 2011, Wett et al., 2007). Furthermore,
recovery of valuable substances directly from wastewater is currently limited. In this research

the following aspects of value recovery were therefore explored:

e The potential for recovery of value directly from municipal wastewaters

e Improving the efficiency of current value recovery approaches used on sludge

The foundation for delivering such improvements in value recovery is a clear quantitative
understanding of the chemical and energy mass balances at WWTPs, such that there is a proper
appreciation of the fate of potentially valuable organic carbon, nitrogen and phosphorus during
wastewater and sludge treatment. Furthermore, knowledge of how these mass balances vary
between WWTPs is required. Only then can the benefits of value recovery options be truly

evaluated.



Therefore, the overall aim of this project is to reliably determine the chemical energy and mass
balances of wastewater treatment plants in the UK to inform possible options for recovery of

organic carbon (for energy), nitrogen and phosphorus.

To fulfil this overall aim, the objectives were set, as follows:
1. Develop a reliable and practical method for determination of the chemical energy
content of wastewater, and identify a reliable surrogate of the chemical energy in

wastewater and in sludge

2. Construct chemical energy and mass balances for 4 WWTPs to determine the fate of
chemical energy, organic carbon (expressed as COD), nitrogen and phosphorus in the

wastewater and sludge treatment (via modelling)

3. ldentify potential waste recovery opportunities and explore the impact of their

implementation on the existing treatment process (via modelling)

In order to obtain representative findings, 4 WWTPs from the sponsor companies of Scottish
Water and Northumbrian Water were chosen in this study. These 4 WWTPs were intentionally
selected as they are varied in terms of population equivalent (P.E.), wastewater treatment
processes, and sludge treatment processes. Details for each of them are shown in Table 1-1.

Table 1-1 Overview of the 4 Investigated WWTPs

Population
WWTPs Wastewater Treatment Process Sludge Treatment Process
Equivalent
Primary Settlement with Chemical Dosing for
WWTP A 40,000 Phosphate removal and Activated Sludge with N/A
Nitrification
Sludge Thickening and
WWTP B 230,000 Primary Settlement and Activated Sludge )
Dewatering
Sludge Thickening,
WWTP C 1,000,000 Primary Settlement and Activated Sludge Dewatering and Advanced
Anaerobic Digestion
Primary Settlement and Activated Sludge with
WWTP D 180,000 N/A

Nitrification



1.3 Thesis Structure

The remaining 7 chapters of this thesis are arranged as follows:

Chapter 2 - A literature review focusing on the determination of surrogate of chemical energy
in wastewater and in sludge and the study of the fate of the valuable organic carbon, nitrogen

and phosphorus in the wastewater and sludge treatment processes

Chapter 3 - Field and analytical methods used, the procedure of wastewater and sludge

treatment modelling, and the construction of chemical and energy balances

Chapter 4 - Results and Discussion of the method developed for determination of chemical
energy in wastewater, and discussion of the surrogates for estimating the chemical energy in

wastewater and sludge

Chapter 5 — Results and Discussion of chemical energy and COD mass balance, and discussion
of potential chemical energy recovery opportunities from wastewater and the impact of their

implementation
Chapter 6 - Results and Discussion of nitrogen and phosphorus mass balance, and discussion
of potential nutrient recovery opportunities from wastewater and the impact of their

implementation

Chapter 7 — Business case study on biosolid gasification for energy recovery, which includes

discussion of the economic evaluation and sensitivity studies on the uncertainties

Chapter 8 — Conclusions and Recommendation



Chapter 2 Literature Review

This chapter first reviews the surrogate of chemical energy in wastewater and in sludge in
Section 2.1. It then assesses the fate of valuable organic carbon, nitrogen and phosphorus in
the wastewater and sludge treatment processes in Section 2.2. It reviews application of
modelling in the mass balance investigation and in studying the impact of process

reconfiguration in Section 2.3. The research questions are then proposed in Section 2.4.

2.1 The surrogate of chemical energy in wastewater and in sludge

Chemical energy contained in wastewater is estimated approximately 5 times greater than
electricity consumed for during treatment (Wan et al., 2016). Wastewater also contains thermal
and kinetic energy (McCarty et al., 2011). Wastewater treatment has the potential to become an
energy net producer (McCarty et al., 2011). But, in reality it is the opposite as the chemical
energy within wastewater is not used in its full potential. It is worth, then to know the fate of

different types of energy during the wastewater.

Recovery of thermal energy requires heat pump which consumes electricity. Alternative fuels
for heating, such as natural gas or fuel oil, are equally expensive as electricity, then thermal
recovery is costly(McCarty et al., 2011). Kinetic energy is caused by the movement of
wastewater and hence it can be recovered by hydropower electricity generation (Power et al.,
2014). Kinetic energy recovery has a strict requirement: flow rate of wastewater. Power et al.
(2014) reported that only 14 out of 100 Irish wastewater treatment plants are suitable for
hydropower electricity generation, and those plants are relatively large. Also, thermal and

kinetic energy recovery are rarely conducted.

Currently, energy recovery focus on the chemical energy capture from wastewater and sludge
(McCarty et al., 2011, Stoll et al., 2018, Scherson and Criddle, 2014). Therefore, it is useful to
understand the chemical energy balance of the wastewater and sludge treatment to discover the

potential chemical energy reserve.



The experimental measurement of the chemical energy content of sludge and wastewater is
commonly done via bomb calorimetry (Shizas and Bagley, 2004, Heidrich et al., 2010, Korth
et al., 2017, Smyth et al., 2016, Schaum et al., 2016). Because more than 70% of the mass in
both wastewater and sludge is from non-combustible water, the wastewater and sludge will be
dried first and then analyzed for chemical energy content via bomb calorimetry (Korth et al.,
2017, Smyth et al., 2016, Shizas and Bagley, 2004, Heidrich et al., 2010, Schaum et al., 2016).
However, bomb calorimetry is not commonly possessed in WWTPs due to its cost and
complicated set up (for example, it requires oxygen cylinders) (Schaum et al., 2016, Smyth et
al., 2016). The chemical energy content of the wastewater and sludge is therefore not able to
be routinely measured (Smyth et al., 2016, Schaum et al., 2016). Chemical energy balance is
then calculated on the mass balance of a chosen surrogate of wastewater and sludge (Mills et
al., 2014, Wan et al., 2016, Wett et al., 2007). The determination of the relationship between
chemical energy content and the suitable surrogate of it is crucial to the accuracy of the

chemical energy balance.

2.1.1 Surrogate of wastewater chemical energy

Since chemical energy is mainly stored in the organic contaminants and chemical oxygen
demand (COD) is commonly used to represent the concentration of the organic contaminant in
wastewater, COD is the preferable surrogate of the chemical energy content in wastewater

(Owen, 1982, Korth et al., 2017, Scherson and Criddle, 2014, Tchobanoglous et al., 2003).

Owen (1982) firstly proposed the concept of using COD to estimate the energy content of
wastewater. The study measured the calorific value of several organic compounds that may
exist in wastewater. The oxygen demand of the complete combustion (CODcombustion) per gram
of those substances were also studied based on both theoretical enthalpy calculation and
experimental measurement. It was obtained by diving calorific value by the CODcombustion,
chemical energy within per gram of COD. The kJ/g COD of the measured organic ranged from
12.6 to 15.5 and the mean value was 14.2 (shown in Table 2-1). The study chose to use the
value of 13.9 kJ/g COD for its energy-related calculation. In this case, the energy calculation
used by Owen (1982) is based on BTU/Ib. 13.9 kJ/g is equivalent to a round up number of
6,000 BTU/Ib while 14.2 kJ/g is equivalent to 6,100 BTU/Ib. This 13.9 kJ/g COD value was a
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reasonable assumption, but it was not selected based on the proportion of the concentration of

organic compound in the wastewater.

Table 2-1 The kJ/g COD values of commonly found organics in wastewater studied by Owen (1982)

Name Chemical Formula  Measured kJ/g COD Calculated kJ/g COD
Wastewater Organic CioH1803N 15.5 13.9
Bacterial Cells CsH;0,N 14.7 15.4
Carbohydrates CeH 1005 14.7 12.7
Fats CisH3 60, 15.1 14.5
Proteins C71H128023S N/A 14.1
Acetic Acid C,H40, 13.6 12.6
Benzene CsHe 13.6 13.8
Benzoic Acid C7HeO» 13.5 13.0
Butyric Acid C4Hs0, 13.7 13.8
Carbon Dioxide CO, 0 0
Ethanol C,HsO 143 14.5
Furfural CsH40, 14.7 12.8
Hydrogen Sulfide H>S N/A N/A
Lactic Acid C3HeOs3 14.1 12.6
Levulinic Acid CsHsOs3 N/A 13.2
Methane CH4 13.9 15.4
Methanol CH4O 15.2 14.4
Phenol CeHeO 13.7 13.5
Propionic Acid C3HsO» 13.7 13.6
Vanilin CsHsOs3 14.0 13.0

Shizas and Bagley (2004) conducted the first study to experimentally measure chemical energy
content in wastewater. In this research, wastewater was oven dried at 104°C to remove all the
moisture. Subsequently, the dried wastewater was fed to the bomb calorimeter for chemical
energy measurement. The study determined a result of 14.7 kJ/g COD, which is higher than the
value that Owen (1982) reported. The 14.7 kJ/g COD was estimated based on one raw

wastewater sample which could not be considered representative.

Heidrich et al. (2010) also measured chemical energy content in wastewater. The study

followed a similar approach by drying the wastewater sample first, and subsequently measuring
11



its energy content via bomb calorimetry. However, Heidrich et al. (2010) used freeze drying
instead of the oven drying method. The study showed that freeze drying was able to retain 73-
81% of COD in the dried residue compared to oven drying which only retained 51-56%. Thus,
this leads to a higher measured value of chemical energy content of wastewater and a higher
value kJ/g COD. In this case, the study experimentally measured two raw wastewater samples

and determined values of 17.7 to 28.7 kJ/g COD respectively.

Rather than reporting energy content as kJ/g COD, Korth et al. (2017) used linear regression
to determine the mathematical relationship between chemical energy content of wastewater
and COD. His experiments concluded that chemical energy content in wastewater (kJ/L) equal
to 3.883xCOD (g/L) +2.045. The equation was determined by applying 20 data points from
which 1 were from data point from Shizas and Bagley (2004) and 2 were from Heidrich et al.
(2010). However, whilst acknowledging that freeze-drying is a preferable method for
wastewater energy measurement, Korth et al. (2017) nevertheless used oven drying for the
majority of samples, because of the long processing time for freeze drying. The r? of the linear

regression is reported as 0.65 (Korth et al., 2017).

The relationship between chemical energy and COD has only been experimentally studied on
20 raw wastewater samples globally. The experimental measured values reported Shizas and
Bagley (2004) and Heidrich et al. (2010) vary by up to 95 % (comparing to the 14.7 KJ/g COD).
Meanwhile, Korth et al. (2017) did suggest using linear regression to estimate the chemical
energy content of wastewater from COD, but the majority of the data used for linear regression
analysis were obtained from the oven drying method which is proven not effectively in
retaining COD. Therefore, the relationship between COD and chemical energy was poorly

defined and needs to be reliably determined.

Unlike the COD, N and P measurement, which can be conducted on aqueous samples and
completed within hours or days, the chemical energy measurement requires dried sample and
weeks to complete (Korth et al., 2017, Heidrich et al., 2010). The drying stage is time
consuming, as freeze drying takes 4 weeks to dry enough wastewater to generate approximately
0.5 g of dried residue to be used in the bomb calorimetry (Heidrich et al., 2010). The time-

consuming drying process hinders the large amount experimental measurement on chemical
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energy content of wastewater and the subsequent study of the relationship between chemical

energy and COD.

2.1.2 Surrogate of sludge chemical energy

Total solid (TS) content is usually used as a surrogate of sludge chemical energy (Mills et al.,
2014, Shizas and Bagley, 2004, Schaum et al., 2016, Smyth et al., 2016). The chemical energy
content of the sludge is calculated by multiplying the calorific value of the dried solid content
with TS content (Mills et al., 2014). This is because the TS content is routinely measured in
sludge treatment and is commonly used to describe the performance and mass balance of the

sludge treatment (Smyth et al., 2016, Bowen et al., 2010).

Unlike wastewater, hundreds of sludge samples have been studied for chemical energy content
of the TS content (Schaum et al., 2016). The result does vary from types of sludge and studies.
The reported chemical energy content of TS content ranges from 15.9 to 17.9 kJ/g for primary
sludge, 12.2 to 18.1 kJ/g for surplus activated sludge, and 11.1 to 15.7 kJ/g for digested sludge,
respectively (Schaum et al., 2016, Shizas and Bagley, 2004, Smyth et al., 2016). There is a
considerable variation in the chemical energy content of TS content in the sludge, especially

for the surplus activated sludge and digested sludge.

Moreover, Shizas and Bagley (2004), Schaum et al. (2016) and Smyth et al. (2016) all
suggested that the sludge chemical energy is also related to volatile solid (VS) content because
most of the energetic organic is contained in the VS. The chemical energy content of VS content
reported in these three studies range from 21.0 to 26.6 kJ/g for primary sludge, 20.6 to 21.3
kJ/g for surplus activated sludge, and 20.5 to 30.7 kJ/g for digested sludge, respectively
(Schaum et al., 2016, Shizas and Bagley, 2004, Smyth et al., 2016). There is also a considerable
variation in the chemical energy content of VS content in the sludge. Therefore, a validation of

the relationship between the chemical energy and the TS and VS content of sludge is required.

2.2 Fate of valuables in wastewater treatment work

Naden et al. (2016) estimated 1,460,000 tonnes organic carbon, 263,000 tonnes of nitrogen and
43,600 tonnes of phosphorus flowed through United Kingdom’s WWTPs in 2010. Using a ratio
13



of chemical oxygen demand (COD) to total organic carbon as 3:1 (Henze and Comeau, 2008),
4,380,000 tonnes COD flows into the treatment work. Reportedly, 1 gram of COD contains
13.9 kJ of chemical energy (Owen, 1982). Then, an estimated 16,900 GWh of chemical energy
flows into the UK’s wastewater treatment. Wastewater treatment uses up to 1% of the national
electricity (POST, 2007). According to the Historical electricity data: 1920 to 2017 published
by Department for business, Energy & Industrial Strategy, the annual electricity production of
the UK in 2010 was 333,205 GWh. This suggests that electricity consumed for wastewater
treatment is approximately 3,332 GWh electricity per annum. The energy reserve in the
wastewater is approximately 5 times greater than the energy used for treatment purposes. For
nutrient, over the same period (2010), the UK’s annual fertilizer consumption was
approximately 1,000,000 tonnes of nitrogen and 84,000 of phosphorus (AIC, 2011). Indicating,
that more than a quarter of the nutrient demand for agricultural consumption can be found in

wastewater.

At present, these valuables are not fully recovered into usable resource from wastewater
treatment plants. Actually, part of them are converted and emitted into the atmosphere, another
portion will be captured in the sludge and ultimately released to land, and only a small part of
it is recovered into the products (i.e. CHs or fertiliser of struvite) that we can use (Mills et al.,
2014, Miinch and Barr, 2001, Tchobanoglous et al., 2003, Wett et al., 2007). Besides, part of
these valuable products will discharged back to surface water bodies. Naden et al. (2016)
estimated that in 2010, 63,000 tonnes of organic carbon, 104,000 tonnes of nitrogen and

14,800 tonnes of phosphorus were discharged to the environment after treatment process.

Since the amount of the valuable organic carbon, nitrogen and phosphorus are substantial but
not yet fully utilized, it is worth knowing what the exact fate of these valuables are in the
wastewater treatment process. Mass balance is a measure to track a mass loading of a substance
in the inlet(s) and in the outlet(s) of a chemical treatment process (Tchobanoglous et al., 2003).
It is commonly used to study the fate or the distribution pattern of a substance in the wastewater
treatment process (Shi, 2011, Wett et al., 2007, Gans et al., 2007). Commonly, a wastewater
treatment process includes mechanical primary settlement and secondary biological treatment
(Tchobanoglous et al., 2003). A complete process will also have sludge treatment associated

with anaerobic digestion (Shi, 2011, Wett et al., 2007). . Since organic carbon is commonly
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expressed as COD in wastewater treatment, COD is used to represent organic carbon in the

following content of this chapter.

2.2.1 Fate of COD, N and P in primary settlement

2.2.1.1 Process mechanism

Primary settlement aims to remove the readily settleable solids and floating material by
sedimentation, but soluble organic content including contaminants, are not typically removed
at this stage, unless there is chemical addition. Theoretically, the settleable particulate

contaminants are removed after and end up in the primary sludge (Tchobanoglous et al., 2003).

2.2.1.2 COD, N and P Mass balance of primary settlement

CODb

The typical contribution of the particulate fraction to total wastewater COD is approximately
60% (Henze and Comeau, 2008, Tchobanoglous et al., 2003). Commonly, the COD removal
rate of primary settlement ranges from 30-40 %, with the remaining 60-70% of COD flowing
to secondary treatment (Shi, 2011, Wan et al., 2016, Gans et al., 2007).

Nitrogen

Typically, the soluble ammoniacal nitrogen (NH4"-N) contributes 60-75 % to the total nitrogen
(TN) content (Tchobanoglous et al., 2003, Henze and Comeau, 2008). Since the soluble nitrites
or nitrates are only a minor component of TN, the majority of the remaining 40 % of TN content
is present as organic nitrogen (both particulate and soluble fractions) (Henze and Comeau,
2008). Therefore, theoretically no more than 40 % of TN is captured in the primary sludge. In
practice the percentage of TN captured in primary sludge is only 10-25 % (Kristensen et al.,
2004, Shi, 2011). Therefore, 75-90 % of TN in wastewater treatment works flows to the

secondary treatment process.

Phosphorus

The soluble content of phosphate (PO4*-P) is the dominant component of the total phosphorus
(TP) in raw wastewater, and the typical contribution of it to the TP content is 67%
(Tchobanoglous et al., 2003, Henze and Comeau, 2008). Therefore, theoretically less than 33 %

of the inflowing TP is captured in the primary sludge. In practice, the percentage of P captured
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in primary sludge in a pure mechanical primary settlement is only 10-25 % (Kristensen et al.,
2004, Shi, 2011). However, PO4*-P can be removed via the addition of aluminum (AICl; or
Alx(S04)3) or ferric salts (FeCls or Fea(SO4)3) (Tchobanoglous et al., 2003). Depending on the
chemical dosage, the TP removal rate can be up to 75-95% (Tchobanoglous et al., 2003). The
studies of Kristensen et al. (2004) and Grizzetti and Bouraoui (2006) shows that, if chemical
dosing is involved in primary treatment, 20-92 % of the TP is removed and captured in the
primary sludge. Therefore, if chemical dosing is not in place, 75-90 % of the TP to the treatment
works will flow to the secondary treatment; if chemical dosing is used then 18-80% of the TP
of the work will flow to secondary treatment. There is a great variation in TP removal in

primary settlement.

2.2.2 Fate of COD, N and P in secondary settlement

Secondary biological treatment utilizes microorganisms to treat the COD, nitrogen and TP. In
all of the WWTPs investigated the activated sludge process is employed as the secondary
treatment process. This Section 2.2.2 therefore only reviews the fate of the targeted substances

(COD, N and P) in the activated sludge process.

2.2.2.1 Process mechanism of activated sludge

CODb

For COD removal, aerobic heterotrophic microorganisms oxidize organic matter into CO; and
water (H20). These microorganisms assimilate at the same time part of the organic matter
present in the secondary treatment for its own growth (Tchobanoglous et al., 2003). Oxidation
requires that microorganisms have to be maintained at a constant level to deliver satisfactory
COD removal efficiency. However, the excess growth of microorganisms from the organic
matter assimilation are removed as Surplus Activated Sludge (SAS). Thus, after the secondary
treatment, COD, namely the organic carbon, is distributed between CO., the secondary

treatment effluent, and the SAS (Puig et al., 2008).

Nitrogen
There are three elements to nitrogen removal (Tchobanoglous et al., 2003):
e Nitrification, in which aerobic autotrophic nitrifiers will oxidize the ammoniacal

nitrogen to nitrite (NO2") and nitrate (NO3")
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e Denitrification may also occur when wastewater is recirculated to an anoxic zone.
Denitrifiers will reduce the NO> and NO3™ produced during nitrification to N>

e Assimilation of nitrogen during microorganism growth

Thus, after secondary treatment, nitrification and denitrification may occur, and total nitrogen
content may be distributed between N, the secondary treatment effluent and the SAS. If
denitrification or nitrification do not occur, nitrogen content is distributed between the

secondary treatment effluent and the SAS.

Phosphorus

TP removal is accomplished via simultaneous assimilation during microorganism growth, and
this effect can be enhanced by installing an anaerobic zone prior to the aerobic zone
(Tchobanoglous et al., 2003). Sedlak (1991) describes the process as follow:

1. The Phosphate Accumulated Organism (PAO) in the anaerobic zone break down the
energy rich polyphosphate in their cells, for the energy needed for the production of
Polyhydroxybutyrate (PHB) through assimilation of the fermented product, such as
volatile fatty acid. Meanwhile, phosphate is released through the breakdown of
polyphosphate, and hence increasing phosphate in the wastewater.

2. In the aerobic zone, energy is produced by the oxidation of the PHB and phosphate is
stored back into the cells. Because some bacteria can store more polyphosphate than
they need in their cells, the assimilation during microorganism growth will increase

phosphate removal.

TP is only distributed between the secondary treatment effluent and the SAS (Puig et al., 2008).

2.2.2.2 COD, N and P Mass balance of activated sludge

CODb

Puig et al. (2008) and Meijer et al. (2001) both experimentally measured the COD loading of
influent and effluent of the activated sludge process and SAS. Meijer et al. (2001) suggested
that the COD load in the SAS is 30-60% of the total removed COD loading. If activated sludge
is able to remove 90% of the influent COD, 27-54 % of the COD to activated sludge will be in
SAS, and 36-63 % of the COD is emitted as CO». Puig et al. (2008) indicated that
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approximately 42.5 % of the inflowing COD to the activated sludge ended in the SAS, and
approximately 49.5 % of the COD was emitted as CO;. Gans et al. (2007) reported a similar
pattern as 46.8% of the inflowing COD ends as CO2 and 43.5% of it is in the SAS. However,
Shi (2011) suggested that 67.6% of the COD could be emitted as CO», whilst the SAS only
captured 23.3% of the COD. Meanwhile, a case study of the Strass WWTP in Austria suggested
that, a high rate activated sludge system is able to act as a primary treatment (Wett et al., 2007).
It can capture 60% of the inflowing COD into the SAS (Wett et al., 2007). There is a great
variation of the COD distribution pattern in the secondary biological treatment of activated

sludge.

Nitrogen

S6temann et al. (2006) modelled the TN mass balance of nitrification of the activated sludge
process and suggested that approximately 22% of the N entering the activated sludge process
was captured in the SAS. Shi (2011) found approximately 12.3% of influent N was captured in
the SAS in an activated sludge process with denitrification, while 47.7% was released as N>
gas and 40.0% remained in the final effluent. In Gans et al. (2007), 18.2% of the influent in the
SAS was TN, 15.0% was found released as N2 gas, and 67.0% was discharged as final effluent.

There was also a great variation of the nitrogen distribution pattern in the secondary treatment.

Phosphorus

Puig et al. (2008) experimentally measured the TP loading of the influent and effluent of an
enhanced biological phosphorus removal (EBPR) activated sludge process and found
approximately 70% of the influent TP was captured in the SAS. However, this pattern is not
likely representative of the P distribution pattern for the WWTPs do not have EBPR. Gans et
al. (2007) and Shi (2011) reported a similar pattern that approximately 50% of the influent TP
to the activated sludge is captured in the sludge and the rest remains in the final effluent. Similar
to the COD and TP, the TP distribution pattern in the secondary treatment varies from site to

site.
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2.2.3 Fate of COD, N and P in sludge treatment

Sludge thickening and dewatering

Sewage sludge is commonly treated with anaerobic digestion (AD). In 2014/2015, 80% of the
UK sewage sludge was treated with digestion (OFWAT, 2016). AD requires that feed sludge
contains an adequate moisture level (Mills et al., 2014). Sludge thickening and dewatering is
used to increase the solids content and it is achieved by mechanical filtering with the aid of
gravity and centrifugation (SNF Floerger, 2003). Because small particles and dissolved
chemicals pass through the filter, the filtrate typically retains some COD, N and P (Shi, 2011,
Tchobanoglous et al., 2003, Henze and Comeau, 2008). Commonly the filtrate produced from
sludge thickening and the centrate produce from sludge dewatering (via centrifuge), usually
referred as sludge returned liquor, is recirculated to the head of the works and mixed with raw
wastewater for treatment (Shi, 2011). The sludge return liquor can contribute from 20 to 90%
of the original COD loading to the WWTP (Jardin et al., 2006, Fattah, 2012, Evans, 2007).
Table 2.2 shows the ratio of COD, TN and TP loading in the sludge return liquor to the influent
loading found in Gans et al. (2007) and Shi (2011). The data suggests that there is also great
variation in the percentage of COD, TN and TP distributed in the sludge return liquor.

Table 2.2 The ratio of COD, TN and TP loading in the sludge return liquor to the influent loading reported in

literatures

COD TN TP
Gans et al. (2007) 38.4% 24.6% 62.5%
Shi (2011) 8.3% 11.9% 39.4%

In some cases, sludge thickening and dewatering is conducted prior to the anaerobic digestion
(Shi, 2011, Wett et al., 2007), where part of the COD, TN and TP are kept in the sludge return
liquor. Loading of COD, TN and TP to the digester shall be less than loading in the sludge

generated in the wastewater treatment.

Anaerobic digestion
In anaerobic digestion, the organic matter goes through three decomposition stages:
1. Hydrolysis which converts particulate matter to soluble compounds
2. Fermentation which degrades amino acids, sugars, and some fatty acids into acetate,

CO; and hydrogen
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3. Methanogenesis which converts is the acetate, CO> and hydrogen into biogas of CO»

and methane.

Forty to 53 % of the COD from sludge was reported to be recovered and stored in the form of
methane (Shi, 2011, Wett et al., 2007). With respect to TP, its loading in the feed and digested
sludge does not change (Shi, 2011). In the case of TN, a portion may be emitted as biogas

during digestion, but usually in very small amounts as reported by Rasi (2009).

2.2.4 COD, N and P mass balance of wastewater treatment plants

Apart from the mass balance conducted by Shi (2011), other studies described in previous
sections did not present a holistic mass balance approach for COD, N and P in a total
wastewater and sludge treatment. For instance, Wett et al. (2007) presented a plant wide
(including wastewater treatment and sludge treatment with anaerobic digestion) mass balance
for only COD. Gans et al. (2007) showed a plant wide mass balance of COD, N and P, but the
investigation did not include anaerobic digestion. Therefore, more holistic mass balance studies

cover the COD, N and P are needed.

Wastewater treatment is a sequence process, the variation of material distribution pattern will
be amplified after each individual process is combined. If the mass balance is to serve the
purpose of process optimization, different recommendation will be given based on different
mass balances. Using the mass balances conducted on two WWTPs by Shi (2011) and by Wett
et al. (2007) as examples, the former only captured 48.4% of its COD inflowing to the work
into the sludge, but the latter was able to capture 74.8%. Later on, Shi (2011) applied a digester
that was not as efficient as the one applied by Wett et al. (2007). Shi (2011) only recovers 17.9%
of its COD inflowing to the work into biogas whilst Wett et al. (2007) recovers 35.4%.Then,
the dewatered digested sludge described in Shi (2011) still contains 22.3% of its COD
inflowing to the work, but the percentage in Wett et al. (2007) is 37.6%. In the case of Shi
(2011), improvement of the energy balance focused on producing more sludge from the
wastewater treatment and to elevate the energy recovery efficiency of its digestion (Shi, 2011).
For Wett et al. (2007), improvement of the energy balance focused on the energy saving of the

treatment process instead of elevating the biogas production (Wett et al., 2007).
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2.3 Applying modelling of mass balance investigation and the impact of waste recovery

In previous sections the mass balance calculation method is used to study the fate of COD, N
and P in WWTPs. Since chemical energy recovery is obtained from the chemical organic
content, the chemical energy balance comes from COD or TS mass balance (Mills et al., 2014,
Wan et al., 2016). Mass balance is therefore a very useful technique for process evaluation,

designing and benchmarking WWTP (Yeshi et al., 2013).

For constructing the mass balance of a substance or an element (in a set time period), it is
important to know its mass loading in and out of the process. As the mass loading is calculated
by multiplying the flow and concentration (Tchobanoglous et al., 2003), both flow and
concentration measurements are then crucial to the construction and the accuracy of a mass

balance.

2.3.1 Wastewater Mass balance Constraints

The concentration data, such as COD, N and P, can be monitored regularly by onsite operators
in a WWTWs, or via a dedicated sampling campaign (Puig et al., 2008). A proper flow
measurement is sometimes difficult to conduct. Scottish Water and Northumbrian Water are
both Industrial sponsors of this Project and provided required information on the case study
sites. Scottish Water regularly monitors 313 of its wastewater treatment facilities and
Northumbrian Water regularly monitors 160. However, there is no facility has proper flow
measurement on all its wastewater or sludge streams (personal communication, M Haffey,
Scottish Water, April 2015, personal communication, L Wilkinson, Northumbrian Water, June
2015). In some cases, the subtraction method can be used to estimate the non-measured flow
or mass loading. For example, the gas product of activated sludge, the N mass loading in the
gas product of activated sludge can be calculated by subtracting the combined N loading in
the final effluent and the SAS from N loading of the activated sludge influent(Puig et al., 2008).

However, if more than one stream, then mass balance calculations will be severely hindered.

In some cases, the concentration data of many chemical parameters is also difficult to obtain
because it is difficult to collect a sample. For instance, some WWTPs discharge its primary

sludge through underground pipes, then the discharged primary sludge will instantly mix with
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other sludge once it reaches the sludge storage tank Then, it is impossible to collect the primary
sludge sample in those WWTPs. Constructing mass balance via direct measurement of flow
and concentration sometimes is hindered by operational design and physical structure of the

WWTPs.

2.3.2 Applying modelling for mass balance construction

Modelling is a good tool for constructing the mass balance of wastewater and sludge treatment.
A model is comprised of mathematical equations (Henze et al., 2000, Takacs et al., 1991). It is
used to represent the construction and operation of a system (Maria, 1997). In wastewater
modelling, data of tank sizes, flow rate, dissolved oxygen level of the biological treatment, are
used to construct the model that represent the construction of the treatment work (Langergraber
et al., 2004, Rieger et al., 2012). After the model is constructed, it requires a calibration stage
(Langergraber et al., 2004). The principle of the calibration is to provide the model the known
input, then compare the modelled output to the known output (Maria, 1997). The know input
is the measured flow rate and contaminant concentration of the raw wastewater, and the outputs
are usually the contaminant concentration of the effluent of treatment process (Liwarska-
Bizukojc et al., 2011, Fall et al., 2011). If there is a substantial difference between the known
input and the modelled output, then the parameters which are found influential to the modelled
output will be adjusted to a level which can leads to a convergence (Fall et al., 2011, Liwarska-
Bizukojc et al., 2011, Rieger et al., 2012, Sin et al., 2011). Once the model is validated, it can
be used to describe the behavior of the system and to predict the unmeasurable physical and
chemical variables, for instance flow and contaminant concentrations (Jones et al., 1989, Gasso

et al., 2002).

The wastewater model includes the Takacs model for settler modelling and Activated sludge
model No.1 (ASM1), ASM2, ASM2d, ASM3, and the Anaerobic Digestion Model No.1
(ADM1) for the biological wastewater and sludge treatment modelling (Takacs et al., 1991,
Batstone et al., 2002, Henze et al., 2000). In the Takacs model, the mathematical equation is
used to express the settling velocity of the solid in ten virtual layers of settler for modelling the
solid settling (Takacs et al., 1991). In the biological models, the COD, nitrogen and phosphorus
are first characterized into the state variables which can or cannot contain biological reactions.

The biological reactions which are expressed in mathematical equations consist of the
22



concentrations of the state variables and kinetics to form a matrix (Henze et al., 2000). Solving
the matrix will predict the COD, nitrogen and phosphorus concentrations of the treated effluent
(Fall et al., 2011, Petersen et al., 2002, Liwarska-Bizukojc et al., 2011). Moreover, inorganic
precipitation, such as struvite, can be also modelled (Musvoto et al., 2000, Hydromantis, 2017).
Hence, wastewater modelling can be applied for wide mass balance studies. For instance, the
COD mass balance conducted in Strass WWTP was performed by modelling (Wett et al., 2007).
Puchongkawarin et al. (2015) also used modelling to predict the mass balances of COD,

nitrogen derivatives, and phosphorus derives under different operational strategies.

Wastewater modelling is usually conducted by dedicated commercial software (Gernaey et al.,
2004). Commonly used wastewater modelling software includes Aquasim developed by Eawag
(Tas et al., 2009), BioWin developed by EnviroSim (Liwarska-Bizukojc et al., 2011), GPS-X
developed by Hydromantis (Fall et al., 2011), SIMBA developed by inCTRL Solutions (Wett
et al., 2007), STOAT developed by Water Research Centre (Sarkar et al., 2010), and WEST
developed by Mike powered by DHI (Vanhooren et al., 2003) as some examples.

2.3.3 Applying modelling for studying waste recovery

Mass balance of WWTPs is required to understand the fate of valuable substances including
energy during the treatment process. More importantly, it could aid to identify the potential
waste recovery opportunities, namely where and how to recover the valuables. Sometimes,
implementation of new processes or technologies may solve one problem but raise new ones
at the same time. Yeshi et al. (2013) reported that after applying modelling techniques,
predicted results such as capturing more COD in the primary sludge lead to a better chemical
energy recovery but weaken denitrification in the subsequent biological process since less
carbon source is available to the denitrification. Anaerobic treatment may bring a better energy
balance to the wastewater treatment work but it is usually incapable of removing nutrients and

hence post treatment polishing is required (Chernicharo, 2006).

Wastewater modelling provides convenience on studying the impact caused by the
implementation of a new process. This is because, reconfiguration and experimentation are
impractical and too costly to do on a real system but can be done theoretically on a model with

low budget (Maria, 1997).
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Wastewater modelling has been used for studying the impact of implementing waste recovery
technologies. Drewnowski et al. (2018) applies modelling to predict the increase of biogas
production over the increase of suspended solid removal efficiency of the primary settlement.
Sutton et al. (2011) modelled a better the energy balance due to the virtual implementation of
anaerobic digestion for sludge treatment. Puchongkawarin et al. (2015) designed a WWTP that
consists of recovery technologies of up-flow anaerobic sludge blanket for energy recovery and
ion exchange associated with struvite crystallizer for nutrient recovery. It then used modelling
to determine mass and energy balance under different operational configurations and
discovered the best one with the greatest cost benefits. Fabiyi et al. (2016) modelled the
WASSTRIP process which aims to release the ortho-phosphate stored in the SAS produced
from the EBPR process. The modelling robustly predicted the ortho-phosphate release in the

sludge handling process and provided insight for phosphate recovery for fertilizers.

2.4 Research Questions

According to Section 2.1, although COD is well used as a surrogate of wastewater chemical
energy, the relationship between the two is poorly defined due to the time-consuming drying
process hinders the large amount of experimental measurements. Moreover, the relationship
between the TS and VS content and the sludge chemical energy needs to be validated. On this

basis, the research questions proposed are:

I.  Is there a reliable and practical method to dry the wastewater but without losing a
substantial amount of energetic COD?
Il.  What is the best surrogate(s) of the chemical energy content of wastewater?
I1l.  What is the relationship between the surrogates and chemical energy content of

wastewater and sludge four investigated WWTPs of the sponsor companies?

According to Section 2.2, although the fate of the COD, TN and TP has been studied based on
theory and in real treatment works, there may be a substantial variation of their distribution
patterns in each individual treatment process. Furthermore, there are few studies that perform
plant wide holistic mass balance investigation of COD, N and P together. The related research

questions proposed is:
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I.  What are the chemical energy balance and COD, TN and TP mass balances of the four

investigated WWTPs of the sponsor companies?

Understanding the fate of chemical energy, COD, N and P is to discover the potential
opportunities to improve value recovery. However, according to Section 2.3, the
implementation of new processes or technologies may cause issues to the treatment

performance. Therefore, the related research questions are:

I.  From the chemical energy balance and mass balance studies, what are the opportunities

for improving the current value recovery?

If the measures for improving value recovery are implemented, what are the impact on the

current chemical energy and mass balance and on the value recovery?
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Chapter 3 Methodology

This chapter describes the sample collection (Section 3.1), the experimental procedures for
chemical analysis (Section 3.2), the statistical analysis (Section 3.3), the procedures used for
wastewater and sludge modelling (Section 3.4), and the construction of mass and chemical

energy balances for the wastewater treatment plants (Section 3.5).
3.1 Sample and data collection methods

3.1.1 Wastewater and sludge sampling

3.1.1.1 24-hour composite sample collection

Four wastewater treatment plants (WWTP) were sampled. Each WWTP wastewater has
mechanical primary settlement and activated sludge as secondary biological treatment. Apart
from WWTP A’s Trickling Filter process, each wastewater and sludge stream was sampled,
but with varied sampling methods.

Composite sampling was applied to the collection of:
1. Raw inlet wastewater, after it had been screened and de-gritted
2. Effluent from primary treatment

3. Effluent from secondary biological treatment

Samples were collected hourly using an Aquacell (Aquamatic, UK) autosampler over a period
of 24 hours from the open channel flows in or out of the process. Hourly samples of 400 mL
were collected in 24 clean plastic 800 mL containers in the autosampler. 200 mL of sample
from each container was taken and combined to form a 24-hour composite sample of 4.8 L

volume. The compositing was time proportional rather than flow proportional.

The sludge is essentially a liquid since commonly more than 50% of its mass is water content
(Tchobanoglous et al., 2003). It is therefore collectable in the same way as a wastewater sample.
Sludge and sludge return liquor (the rejected wastewater generated from sludge thickening and
dewatering) was collected by grab sampling as they are pumped through underground piping

which is not accessible to the autosampler.
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In an effort to sample the same wastewater during its passage through the treatment plant (i.e.
to take account of hydraulic residence time (HRT)), sampling of the raw wastewater, primary
effluent and secondary effluent was staggered according to the estimated HRT of each unit

process.

Both WWTP C and D have onsite sludge thickening and dewatering. The removed water
(called filtrate or centrate in this thesis) was recirculated to the head of the works for treatment.
The recirculation is through underground pipe and goes into the primary settlement separately
from the raw inlet. Therefore, the filtrate or centrate was sampled separately. Using WWTP C
as an example, if the sample period of the raw inlet is from 08:00 day 1 to 08:00 day 2, the
sludge return liquor of primary sludge thickening is sampled by grab sampling during the
period of 08:00 day 1 to 08:00 day 2.

3.1.1.2 24-hour spot sample collection

In order to understand the diurnal variation of flow and chemical composition of raw
wastewater hourly samples were collected over 24 hours using an Aquacell autosampler
(Aquamatic, UK). Unlike the composite sampling, each hourly sample had a volume of 800

mL and was retained in separate sample bottles.

3.1.2 Sample storage

The grab wastewater samples and the sample of the 24-hour study were stored in 1 L
Polyethylene Terephthalate (PET) rectangular sample bottles (Medfor, UK). The grab sludge

sample was stored in 500 mL Polypropylene (PP) sample jars.

Samples were stored in a cool box with ice packs during transportation. The transportation time
was from 30 minutes to 4 hours. All sludge and wastewater samples were stored in a fridge at

4 °C immediately upon arrival back at the laboratory.

Chemical analysis was typically expected to be done within 48 hours after sample collection.
If not, samples were frozen at -20°C to inhibit microbial activity which affects the chemical
composition of the sample.
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3.1.3 Flow and energy consumption data collection

3.1.3.1 Flow data collection

Flow data were downloaded from water companies’ database after sampling was completed.
Downloaded flow data were either a series of instantaneous flow rate values recorded every 15
minutes or daily total flow from 00:00:00 to 23:59:59.

Since the sampling period for composite samples was 24 hours the 24-hour total flow was also
appropriate for the mass and energy balance study. For treatment plants that recorded flow at

15-minute intervals, these measurements were summed to provide a 24 hour total.

Because most of the composite sampling did not start at exactly 00:00:00 and typically spanned
two days, if only daily total flow was available, the daily total flow of those two consecutive
days was collected. 24 hour flow for the period of sampling was then calculated proportionately
according to the individual flows on the two days e.g. if sampling was undertaken for 14 hours
during a day when the flow was 10 000 m*/d and 10 hours when flow was 8 000 m?/d then the
daily flow was calculated as: [10 000 x (14+24)]+[8 000 x (10+24)].This calculation is based

on an assumption that the hourly flow is the same during a day. The flow of WWTP D is
calculated through this approach.

3.1.3.2 Energy consumption data collection

All the energy data were downloaded from water companies’ databases after the sampling was
finished. Original energy data downloaded were either a series of half-hourly consumption or
daily total which counts energy consumption from 00:00:00 to 23:59:59 of a day.

For data recorded as half-hourly consumption, the 24-hour consumption was then obtained by

summing the half-hourly consumption during the sampling period.

If only daily total energy consumption was available, based on the assumption that the energy

consumption rate stays constant during a day, the 24-hour consumption was then calculated

proportionately according to the individual consumption on the two days, e.g. if sampling was

undertaken for 14 hours during a day when the electricity consumption was 6,000 kwh/d and

10 hours when flow was 7,200 kWh/d, then the daily electricity consumption was calculated
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as [6,000 x (14+24)]+[7200 x (10+24)]. The electricity consumption of WWTP A, C and D

are calculated through this approach.

3.2 Chemical analysis

3.2.1 Chemical analysis of wastewater

Chemical analysis of wastewater included Chemical Oxygen Demand (COD), soluble COD
(sCOD), particulate COD (pCOD), Total Organic Carbon (TOC), Dissolved Organic Carbon
(DOC), particulate Organic Carbon (POC), Ammoniacal Nitrogen (NH4™-N), Total Kjeldahl
Nitrogen (TKN), Nitrite Nitrogen (NO2-N), Nitrate Nitrogen (NO3™-N), Total Nitrogen (TN),
Phosphorus as Phosphate (PO*-P), Total Solid (TS) by oven drying, Volatile Solid (VS), Total

Solid (TScve) by centrifugal vacuum evaporation, and chemical energy content.

Composite samples collected in the mass and energy balance sampling were analysed for all
the variables. The grab samples of sludge return liquor were also analysed for all variables

except for TScve and chemical energy content.

Samples collected in the 24-hour study were analysed for COD, sCOD, pCOD, NH4*-N and
PO.>-P. Starting with the 1% hourly sample, in total 6 samples were selected at 4-hourly

intervals and measured for TScve and chemical energy content.

NO2-N and NO3z-N were measured in duplicate, TScve was measured in either duplicate or
triplicate, chemical energy was measured once on each sample, and all other parameters were

measured in triplicate.

3.2.1.1 Sample preparation

Samples for sCOD, DOC, NH4*-N and POs*-P were filtered through 0.45 pm Polyether
Sulfone (PES) syringe filters (VWR, US). Samples for NO2-N and NOsz-N were filtered
through 0.20 um Polyether Sulfone (PES) syringe filters (VWR, US). There was no sample
preparation for other variables.
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3.2.1.2 COD measurement

COD measurement required 0.3-3.0 mL of sample and was conducted with a Spectroquant ®
COD Cell Test (Merck Millipore, Germany) with measuring ranges of 4-40 mg/L, 5-80 mg/L
and 25-1500 mg/L and Spectroquant ® Phare 300 Spectrometer (Merck Millipore, Germany).

For sCOD measurement, 0.45 pm filtered sample was analysed following the COD
measurement procedure. pCOD is calculated by subtracting SCOD from COD.

3.2.1.3 Organic carbon measurement

TOC measurement required 0.1-2.0 mL of sample and was conducted with a TOC Cuvette Test
(Purging Method) (Hach, US) with measuring range of 3 — 30 mg/L and 30-300 mg/L and
DR1900 Portable Spectrometer (Hach, US).

For DOC measurement, 0.45 um filtered samples were analysed following the TOC

measurement procedure. POC is calculated by subtracting the DOC from TOC.

3.2.1.4 Nitrogen measurement
NH4"-N measurement required 0.2-1.0 mL of 0.45 um filtered sample and was conducted with

a Spectroquant ® Ammonium Cell Test (Merck Millipore, Germany) with a measuring range
of 0.2-8.0 mg/L and Spectroquant ® Ammonium Test (Merck Millipore, Germany) with a
measuring range of 2-75 mg/L. NH4s*-N was analysed with a Spectroquant ® Phare 300

Spectrometer (Merck Millipore, Germany)

TKN measurement was adapted from standard method 4500-Norg C (APHA, 2012). For this
measurement 0.1-10 mL of sample was required. It was mixed in a Kjeldahl Flask with 14 mL
of concentrated H.SO4 and 2 tablets each containing 5 g of K2SO4and 0.5 g CuSO4-5H,0
(Gerhardt, Germany). The solution was digested at 400 °C for 60 minutes with a Turbotherm
heater (Gerhardt, Germany) to convert TKN into ammonium. After the digested solution was
cooled to ambient temperature it was mixed with 80 mL 40% NaOH solution and distilled in
Vapodest 30s (Gerhardt, Germany) to convert NH4* into free NH3 and transferred to a flask
containing 50 mL of a 20 g/L H3BOgz solution. The H3sBOz solution was then titrated with 0.05

N H»SOg4 solution to determine the TKN concentration.
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NO2-N and NOsz-N measurement required 5-6 mL of 0.20 um filtered sample and were
analsyed using an lon Chromatograph (IC) Dionex ICS-1000 with lonpack AS 14A as column

and carbonate as eluent.

TN is the sum of TKN, NO2-N and NO3™-N.

3.2.1.5 Orthophosphate measurement
PO4*-P measurement requires 0.2-1.0 mL of 0.45 um filtered sample and was conducted with

Spectroquant ® Phosphate Cell Test (Merck Millipore, Germany) with measuring ranges of
0.05-5.0 mg/L, 0.5-25.0 mg/L and 3.0 — 100.0 mg/L and Spectroquant ® Phare 300

Spectrometer (Merck Millipore, Germany).

3.2.1.6 Solids measurement
TS and VS measurement used 40 mL of sample and follows standard method 2540 B and 2540
E (APHA, 2012).

For the TScve measuremernt the sample flask (Genevac, UK) was pre-dried at 103-105 °C until
its weight change was less than 4% which is the allowable variation between two TS
measurement in standard method 2540 B (APHA, 2012). The weight of the pre-dried container
was recorded as ms. Sample with a volume (v) of 300-400 mL was placed into the pre-dried
container and dried by centrifugal vacuum evaporation using a Rocket 4D Synergy (Genevac,
UK) at 18 mbar, 30°C and 1,800 rpm for 19 hours and 40 minutes to remove all the visible
water. After the centrifugal evaporator drying, the container (with dried residue in it) was
further dried in a dessicator at ambient temperature for at least two days until its weight change
was less than 4%. The weight of the container was recorded as mg.dr. TScve Was calculated by
Equation 3-1.
Equation 3-1

(mf_,_d — mf) x 1000
TScpe = . %

Where mg.qr IS the weight of the container with dried residue in it, ms is the weight of the

container, V is the volume of the sample placed into the container.
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3.2.1.7 Chemical energy measurement of wastewater
The dried residue produced from the TScve measurement was used for analysis of the chemical
energy content of the same aliquot.

A Parr 6100 Compensated Jacket Calorimeter (Parr Instrument Company, USA) was used for
energy measurement. The bomb calorimeter requires approximately 26 kJ of heat in one
measurement but no more than 2 g of sample input. Thus, the calorific value of the sample in
the calorimeter has to be higher than 13 kJ/g. Previous reports of the calorific value of dried
wastewater are in the range 3.2 to 10.5 kJ/g (Shizas and Bagley, 2004, Heidrich et al., 2010),
and therefore the dried residue needed to be co-combusted with a high calorific value substance.
Paraffin wax, which has been used as the combustion aid in the combustion study (via bomb
calorimetry) of Germanium metal (Sunner and Mansson, 1979), was chosen as the combustion
aid in this study. Its calorific value was determined as a mean value of 46.7344 kJ/g via

experimental bomb calorimetry on 8 samples with weight 0.6001-0.6409 g.

0.15 - 0.60 g of dried wastewater sample was then mixed with 0.40 — 0.60 g of Paraffin wax
to form approximately 1 g of combustible sample to be introduced to the bomb calorimeter.
The weight of the dried sample, and the weight and calorific value of the paraffin wax, were
entered into the instrument, and the calorimeter then automatically calculated the dried
sample’s calorific value (kJ/g) after each measurement. The chemical energy content of
wastewater (Eww) Was calculated by multiplying the calorific value of the dried wastewater
(Eaww in kJ/g) of the dried sample with TScve (in mg/L) of the sample, as shown in Equation 3-
2.
Equation 3-2
Ewvw = Eqww X TScpe

Where E 4, is the caloric value of the dried residue, TSce is the TS concentration measured

by the centrifugal vacuum.,

40 mL of the same wastewater sample used for the TScve and chemical energy measurement
was also separately dried by the Rocket 4D Synergy under the same conditions. After drying,
40 mL of deionised water was added into the flask for rehydration. The samples underwent
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sonication for 10 minutes to ensure complete rehydration. COD concentration of the rehydrated
sample was then measured in triplicate. The COD recovery rate was then calculated by dividing
the original COD by the rehydrated COD. Multiplied by 100 this gave the percentage of COD

retained in the dried sample. Calculation of COD recovery rate is shown in Equation 3-3
Equation 3-3

COD Recovery Rate = %

COD(rehy)

Where CODo) is the COD concentration of the original wastewater before drying, and CODeny)

the COD concentration of the rehydrated wastewater.

The energy content so determined (Eww) was that used to explore the relationship with COD

and to calculate the energy balance of the WWTPs.

3.2.2 Chemical analysis of sludge

All the sludge samples collected were analysed for Total Solid percentage (TS%), Volatile
Solid percentage to TS (VS/TS%), Total Organic Carbon percentage to TS (TOC/TS%), Total
Nitrogen percentage to TS (TN/TS%), Total Phosphorus percentage to TS (TP/TS%) and
chemical energy content. However, in some specific cases variables were not measured due to
insufficient sample size. These individual cases are highlighted in the Results & Discussion

chapters.

3.2.2.1 Sample preparation
Apart from the TS% and VS% measurement and TOC% measurement of the SAS, sludge was
dried in an oven at 103-105 °C until constant weight was reached prior to any further

measurements.

For TOC%, TN% and TP%, the dried sample was ground to a fine powder using a James Martin
ZX809X Spice and Coffee Grinder (Wahl Clipper Corporation, USA) before measurement.

3.2.2.2 Solid measurement
TS% and VS/TS% were measured in the same set of experiments. Triplicate analyses of both

variables were undertaken on each sludge sample.
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The method of TS% and VS/TS% measurement is adapted from standard method 2450 G
(APHA, 2012). The adaptation is that the sample mass is reduced from the recommended 25-
50 g to 3-5 g due to limited oven and muffle furnace space. In terms of procedures, a crucible
was dried in a muffle furnace at 550°C for 1 hour and then stored and cooled in a desiccator
overnight. After the weight (m¢) of the crucible was recorded, 2.0 to 5.0 g of sludge sample
was added to the crucible. The crucible was weighed again to obtain mc+s. The crucible was
then dried in the oven at 103-105 °C overnight. After drying, the crucible was cooled in a
dessiccator until its weight change was less than 4%. The weight of the crucible was recorded

as mios. TS% was then calculated using Equation 3-4.
Equation 3-4

Mi04—Mc¢

TS% = X 100%

Meys—Mc
Where m1o4 is the weight of the crucible with dried residue after oven drying, mc.s is the weight
of the crucible with wet sludge sample, m¢ is the weight of the crucible after 550°C muffle

furnace drying.

The crucible was then dried in a muffle furnace at 550°C for at least 30 minutes. After drying,
the crucible was cooled in a dessiccator until its weight change was less than 4%. The weight

of the crucible was recorded as msso. VS/TS% was the calculated by using Equation 3-5.
Equation 3-5

50

Msg5o — Mg
VS/TS% = (1 ——=2>—<) x 100%

Mios — M
Where mssg is the weight of the crucible with dried residue after 550°C muffle furnace drying,
M1o4 is the weight of the crucible with dried residue after oven drying, and mc is the weight of

the crucible after 550°C muffle furnace drying.

3.2.2.3 TOC/TS% measurement

TOC/TS% was determined using 0.1 g of 103-105 °C oven dried and ground sample. 1 mL of
4.0 mol/L HCI was added to each crucible. The HCI was then removed from the sample after4
hours. The sample was then oven dried at 60 to 70 °C for 16 — 24 hours. A Leco CS230
Carbon/Sulphur Analyser was used to measure the carbon percentage of the sample and the
blank. The TOC/TS% was calculated using Equation 3-6.
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Equation 3-6
TC;% —TCg%
D
Where TCs% is the measured carbon percentage of the sample, TCg% is the measured carbon

TOC/TS% =

percentage of the blank, and D is the dry matter factor.

The solid content in the SAS was lower than 1% (equivalent to 1,000 mg/L). For generating
0.1 g of dried solid for the TOC% measurement, it was therefore necessary to use more than
100 mL of sample. Because of restrictions on oven drying space in the laboratory the TOC
content of SAS was measured following the experimental procedure shown in Section 3.2.1.3
and is in units of mg/L. TOC/TS% of the SAS is then calculated via Equation 3-7.

Equation 3-7

TocC

TOC/TS% =
/5% TS% + 100% x 1000 x 1000

Where TOC (mg/L) is the total organic carbon of the SAS and TS% is the total solid content
of the SAS.

3.2.2.4 TN/TS% measurement
TN/TS% was measured by the Scientific Service of Scottish Water (SSSW). Samples were

dried and ground before posting. A single measurement was done on each sample.

0.05 g of sample was microwave-digested with 25 ml of Na>S,Og or NaOH solution. The
digestion was conducted at 140°C for 40 minutes. The digested sample was then diluted to 100
mL with deionised water, and subsequently analysed with standard method 4500-N B In-Line
UV/Persulfate Digestion and Oxidation with Flow Injection Analysis (APHA, 2012). The
method firstly breaks down the simple nitrogen compound (i.e. Ammonia) and the complex
nitrogen compound to Nitrate. All the Nitrate is then reduced to Nitrite which is quantified for
determining the TN/TS% of the sample.

Although the analytical method measures the TN/TS% of the sample, NH4*-N may be lost due
to evaporation during preliminary drying at 103-105°C. Hence, the measured TN% may be

lower than the real value. Assuming only NH4*-N is lost during the drying, actual mass of TN
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of sludge is the sum of the mass of TN in the dried solid and the mass of NH4"-N lost. Assuming
the NH4*-N is only within the liquid fraction of the sludge and its concentration is CA™™N | the

adjusted TN% of sludge is calculated by Equation 3-8.
Equation 3-8

AmmN

TN% X TS% + C X (1 =TS5%) X psiage

TN%adjusted = TSY%

where TN/TS% is the measured TN content in the dried solid of sludge, TS% is the total solid
percentage of sludge, CA™™N is NH4*-N concentration of the corresponding sludge return liquor,

and the psiudge is the density of the sludge.

As all other component of Equation 3-8 were measured, the key to the calculation is the NH4"-
N concentration in the water content of sludge. In sludge thickening and dewatering, water
fraction is removed and the NH4*-N of it is measured. By assuming the NH4*-N of the water
content of the wet and thickened/dewatered sludge are the identical to the NH4*-N of the
removed water fraction, TN%adjusted Of the sludge before and after thickening or dewatering can
be obtained.

However, only WWTP C has sludge thickening and dewatering on each of the primary sludge,
SAS, sludge fed to the digester and the digested sludge. As sampling and analysis of the
thickening and dewatering facilities was undertaken on multiple occasions the
TN%:TN%adjusted Of €ach type of sludge was determined and an average value calculated. The
TN%adjusted Of sludge produced in other WWTPs was adjusted by multiplying its TN% with the
TN%:TN%adjusted Of @ corresponding type of sludge: the TN%:TN%adjusted Of the primary
sludge calculated from the primary sludge of WWTP C will be applied to the primary sludge
produced in other three WWTPs; the the TN%:TN%adjusted 0f the SAS calculated from the SAS
of WWTP C will be applied to the SAS produced in WWTP A and D. The result of the
TN%:TN%adjusted and the adjusted TN% of sludges are presented in Appendix A.

3.2.2.5 TP/TS% measurement
TP% was also measured by SSSW. Samples were dried and ground before posting. A single

measurement was done on each sample.
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0.5g of sample was mixed with 4 mL of concentrated HNO3s and 4 mL of concentrated HCI.
The solution was pre-digested in the uncapped vessel for at least 30 minutes or until any visible
reaction had ceased. The pre-digested solution was then microwave-digested in a capped vessel
at 175 °C for 15 minutes. The digested solution was filtered through a 540 filter paper
(Whatman) and then diluted to 100 mL with deionised water. The phosphorus content was then
measured using a Perkin EImer Nexion 300X ICPMS Spectrometer at 30.994 AMU with KED
(Collision) Helium Gas flow of 5.4 mL/min and is corrected for using Scandium as an internal
standard measured at 45 AMU.

3.2.2.6 Chemical energy measurement
Chemical energy measurement of sludge followed the experimental procedure described in
Section 3.2.1.7. 0.4-0.7 g of dried sludge sample was mixed with 0.4-0.6 g of Parafin Wax to
form approximately 1.0 - 1.2 g of combustible sample which was measured for its calorific
value by the same bomb calorimeter described in Section 3.2.1.7. The chemical energy content
of dried sludge (Eas) is expressed as KJ/g. The chemical energy of the wet sludge (Es) is
calculated via Equation 3-9.

Equation 3-9

Es = pg X TS% X E 4

Where ps is the density of the sludge and is taken as 1 g/cm?®, TS% is the total solid content of
the sludge, and Egs is the energy content of the dried sludge.

3.3 Statistical analysis

Descriptive statistics, such as mean value and standard deviation was conducted using Minitab

2018.

For the study of relationships between energy content and chemical constituents of wastewater
or sludge the Correlation and Best Subset functions of Minitab 2018 were used to determine
which parameter(s) best reflect the wastewater or sludge energy content via single or multiple

regression. The graphs of regressions were produced in Minitab 2018.
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3.4 Wastewater and sludge treatment modelling

Constructing correct mass and energy balance requires measurement of both flow and
concentration on every inflow and outflow stream of the wastewater and sludge treatment
process. However, such comprehensive sampling is not undertaken by the water companies.
Thus, existing available data is used here, first to predict the unknown flows and concentrations,
then to construct models of the four wastewater and sludge treatments for, and ultimately

construct mass and energy balances for each of them.

There are three steps to the wastewater and sludge treatment modelling in this thesis:
1. model construction (in Section 3.4.1)
2. influent characterization (in Section 3.4.2)

3. model calibration and validation (in Section 3.4.3)

In the following sections the experimentally measured values (of flow and concentration) are
referred to as ‘observed values’, and the modelled, simulated values are referred to as ‘predicted

values’.

3.4.1 Model construction

3.4.1.1 Operating model/library

The modelling work in this research was undertaken in software GPS-X 7.0. All the wastewater
and sludge treatment modelling were conducted under library “Comprehensive Carbon,
Nitrogen, Phosphorus (mantis2lib)”. All the biological processes are modelled with “mantis2”
which is an in-house model developed by the software company Hydromantis and is developed
from biological models of Activated Sludge Model 2d (ASM2d) and Anaerobic Digestion
Model 1 (ADM1) (Hydromantis, 2017). The “mantis2” is able to model the COD, nitrogen and
phosphorus mass balance of the wastewater and sludge treatment (Fall et al., 2011,
Drewnowski et al., 2018). Moreover, it can also model the application of advanced technologies
such as anaerobic wastewater treatment and Struvite recovery treatment which are not included

in the classic ASM2d model or ADM model (Hydromantis, 2017).
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3.4.1.2 Modelling of individual treatment processes

3.4.1.2.1 Chemical dosing

The chemical dosing in the modelling is for two purposes. One is for mimicking the actual
phosphate removal by intentional chemical dosing in the real world. The other one is for

virtually removing sCOD and phosphate for the modelling purpose.

Actual Ferric dosing for phosphate removal

WWTP A does have an actual chemical dosing process for phosphate removal. Therefore, its
model uses the “In-line Chemical Dosing” unit for mimicking the process. Ferric sulphate
(Fe2(S04)3-9H20) is chosen as the chemical. The “percent hydrated ferric sulphate” is set as
100%. The dosage method is mass based, and the dosage rate is 236 kg/d according to the

historical data (personal communication, ] McCowan, Scottish Water, August 2018).

Virtual aluminum dosing for sCOD removal

It is possible that there is a considerable reduction of sCOD after the primary treatment because
part of the sCOD first flocculates into pCOD and subsequently settles (Gernaey et al., 2001).
For mimicking this process, the “In-line Chemical Dosing” unit uses aluminum sulphate
(Al2(SO4)3-18H20) to coagulate and flocculate the soluble inert COD and the soluble colloidal
COD into pCOD in its default settings. This research uses this unit for the purpose of virtual
sCOD removal. The dosage aimed for is the minimum required to remove sCOD. The
kineticrelated to the sSCOD removal are obtained via the “Optimization” function that aims to
remove all the soluble inert COD (21.5 mg/L) and the soluble colloidal COD (39.99 mg/L)
from a wastewater with a flowrate of 10,000 m*/d, 430 mg/L COD and 147.5 mg/L sCOD via
1 kg/d dosage of Alx(SO4)3.18H20 (personal communication, S Snowling, Hydromantis,
November 2018). The kinetics of the process of sCOD removal obtained will then be applied
in the virtual sCOD removal unit if the sCOD reduction is greater than 15 mg/L after primary
settlement. The default and adjusted value of related kinetic of the process of sCOD removal

via the Al>(SO4)3-18H20 dosing are shown in Table 3-1.
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Table 3-1 The default and adjusted values of related kinetic of the Al,(SO4)3-18H20 for virtual sCOD

removal
Default Adjusted
Value Value
pKsp, apparent - Log of soluility product of AIPO4 13.6 0.00000000
Minimum metal to colloidal organic ratio (at high concentration), g Metal/g 40 0.00012632

COD removal
Minimum metal to colloidal organic ratio (at high concentration), g Metal/g

20.0 33.71681100
COD removal

Affinity factor for colloidal organic, m3/g removal 0.5 1.19473060

Minimum metal to snd ratio (at high concentration), g Metal/lg COD 40 0.00000000

removal

Minimum metal to snd ratio (at high concentration), g Metal/g COD 20.0 0.00000000

removal

Affinity factor for snd, m3/g removal 0.5 0.00000000

Minimum metal to si (at high concentration), g Metal/g COD removal 4.0 0.00020201

Minimum metal to si (at high concentration), g Metal/g COD removal 20.0 34.96696400
Affinity factor for si, m3/g removal 0.5 1.37120470

As the unit serves a virtual sCOD removal purpose, the chemical shall not react with other
possible reactive chemicals, namely the phosphate. Therefore, the ks, value of the AIPOy is set

as “0” to prevent any phosphate reacting with the Al>(SO4)3-18H20.

Virtual ferric dosing for phosphate removal

It is also possible that there is a considerable reduction of phosphate after the primary treatment.
This is because some phosphate may react with unexpected iron content in the primary settlers,
which scavenges phosphate and results in settling of iron phosphate (personal communication,
L Wilkinson, Northumbrian Water, October 2018). If phosphate reduction is greater than 1.5
mg/L after primary settlement, the “In-line Chemical Dosing” unit, using Fe2(SO4)3-9H>0, will
be applied. The “percent hydrated ferric sulphate” is set as 100%. The dosing method is mass
based.

3.4.1.2.2 Primary settlement

The current library has three types of primary settlers, the “Circular Primary Settlers”, the
“Rectangular Primary Settlers”, and the “High Rate Treatment”. The appropriate unit, and its

dimensions, is chosen according to the configuration of the actual WWTPs.
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The SimplelD model that developed from Takacs model is used in all the models (Takacs et
al., 1991). The primary de-sludging process can be initiated and controlled through a variety
of triggers, such as a given discharge rate, a rate that is proportional to a specific discharge rate
(i.e. to the inflowing wastewater), or a proportional—integral—derivative (PID) controller which
is able to control the COD of the discharged primary sludge. The WWTP A and D are controlled
via the PID controller using the COD (estimated from the VS content via Equation 4-4,
explanation given in Section 4.2.3) of the primary sludge as the control variable. WWTP B is
controlled via a TSS concentration because the primary settlement unit used is unable to be
controlled by the COD concentration. WWTP C is controlled via a given discharge rate
according to the historical data because the primary sludge was not measured during the

sampling campaign.

Considering WWTPs A and D have surplus activated sludge recirculation, their primary settlers
are converted into a reactive settler whose biological reactions are controlled by an independent

“Plug Flow Tank” unit. The primary settlers of WWTP B and C are pure mechanical settlers.

In reality, the majority of WWTPs have more than one settler. In order to simplify the modelling,
only one primary settler is used in each modelling exercise. Its centre depth and the side wall
depth are the same as the actual ones and inputted into the model. The surface area inputted to
the model is the sum of the surface area of all the actual settlers (Hydromantis, 2017). The inlet
point of the wastewater is set equal to the water level of the tanks. The configuration of the

primary settlement tanks of each WWTP are shown in Table 3-2.
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Table 3-2 The configuration of the primary settlement tanks of each WWTP

WWTPA WWTP B WWTP C WWTP D
Tank Circular sloping High rate treatment Rectangular sloping Circular settler
Dimension  bottom settler bottom settler Centre depth - 3.75m
Centre depth - 3.6m Water depth - 3.3m Sidewall depth - 1.8m
Sidewall depth - 2.0m Surface Area - Surface Area -
9750m? 6,945m?
Surface Area -
1,029m?
Control Target COD of Target TSS Set flowrate of Target COD of
Method primary Sludge — concentration of primary sludge - primary Sludge —
34,844 mg/L primary sludge — 1,548 m3/d 24,225 mg/L
30,000 mg/L (the
Sampling interval - predicted COD of Sampling interval -
15 minutes 43,120 mg/L which is 15 minutes
close the target COD
Proportional gain - 0f 43,951 mg/L) Proportional gain -
0.001 0.001
Integral time - 0.01 Integral time - 0.01

3.4.1.2.2 Secondary biological treatment

The main biological treatment process used in all four WWTPs is the aerobic suspended
activated sludge process (consisting of an aerobic zone only). Therefore the “Plug Flow Tank”
unit and the subsequent secondary clarifier unit are chosen to model the biological treatment
process. The dimension of the “Plug Flow Tank”, dissolved oxygen (DO) concentration, mixed
liquor suspended solid (MLSS) concentration, and the volume or the ratio of the return
activated sludge (RAS) are set according to the actual configuration and/or the historical data
of each WWTP. The discharge of SAS is controlled by a PID controller using the measured

MLSS of the mixed liquor in the activated process as the control variable.

In WWTP A and D the secondary settlers are biologically active and linked to an independent
“Plug Flow Tank” unit which controls the biological reactions. Similar to the primary settlers,
there is only one secondary settler used in each modelling exercise. The center depth and the

side wall depth of the secondary settlers are set to be the same as the actual ones, and the surface
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area of each is the sum of the surface area of all actual settlers. The inlet point of the wastewater
is set 2/3 of the center depth from the bottom according to recommendations provided by the
engineer from the Hydromantis (personal communication, S Snowling, Hydromantis, August

2018). The configuration of the activated sludge process and the subsequent clarifier for each

WWTP is shown in Table 3-3.

Table 3-3 The configuration of the activated sludge process and the subsequent clarification process for each

WWTP
WWTPA WWTP B WWTP C WWTP D
Tank Volume - 1,924 m® Volume — 22,291 m®>  Volume - 33,203 m® Volume - 21136.5m>
Dimension
of Activated Depth—3.93 m Depth — 8.6 m Depth— 6.5 m Depth— 4.5 m
Sludge
DO 2.0 mg/L 2.0 mg/L 2.5 mg/L 0.66 mg/L
RAS 71% to the Primary 64,694 m’/d 225,152 m’/d 87,452 m*/d
Control Effluent
Control Target MLSS- 2,405 Target MLSS- 2,540 Target MLSS- 2,805 Target MLSS-1,733
Method mg/L mg/L mg/L mg/L
Sampling interval - 10 Sampling interval - 5 Sampling interval - 15 Sampling interval - 5
minutes minutes minutes minutes
Proportional gain - Proportional gain - Proportional gain - Proportional gain -
0.1 0.8 0.5 0.2
Integral time - 0.01 Integral time - 0.01 Integral time - 0.01 Integral time - 0.1
Tank Circular sloping Circular flat bottom Circular flat bottom Circular sloping
Dimension bottom settler settler settler bottom settler
of Final
Clarifiers Centre depth - 3.45m  Centre depth - 4.5m Centre depth - 4.5m Centre depth - 5.25m
Sidewall depth - Surface Area - 5,606 Surface Area - 16,120 Sidewall depth -
1.85m m? m? 1.75m
Surface  Area - Surface Area - 6801.0
1,078.0m? m?

In WWTP A the aerobic suspended activated sludge only treats 83% of the treated primary

effluent. The remaining 17% is treated by the trickling filter with subsequent clarification.
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Although the sampling campaign did not measure the concentration of the effluent of the
trickling filter process, a “Trickling Filter” unit was included in WWTP A’s model. However,

the performance of the trickling filter will not be calibrated.

The “Trickling Filter” unit has a bed depth of 1.8m and a bed surface of 173m?. The subsequent
clarifier has a flat-bottomed shape, with a surface area of 117m? and a water depth of 2.5m
(inlet point is 1.25 m from the bottom of the clarifier). The biological model stoichiometry of
the “Trickling Filter” unit was left as its default value in the model. No biological reactions

were enabled in the clarifier.

3.4.1.2.3 Sludge treatment modelling

Although both WWTP B and C have sludge treatment and receives imported sludge from
satellites WWTPs, the flowrate of the imported sludge to WWTP B is absent. Therefore, only
the sludge treatments of WWTP C is modelled in this research.

Sludge storage tank

The sludge imported to, or produced in, WWTP C is stored in the “Plug Flow Tank” unit which
acts as the storage tank, with biological reactions available for modelling the potential
fermentation process (personal communication, S Snowling, Hydromantis, December 2018).
The volume of the tanks is set according to the actual configuration with a universal depth of

5 metres. The volume of the storage tanks is shown in Table 3-4.
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Table 3-4 The volume of the sludge storage tanks

Tanks Volume, m?
Imported sludge tanks* 17,000
Primary sludge tank 390
SAS tank 250
Raw sludge tank 40,000
Digested sludge tank 4,500

*: The volume of imported sludge tank is calculated based on the historical flow of 857 m? and the potential
storage time before it reaches WWTP C is estimated as 14 days (personal communication L. Wilkinson,

Northumbrian Water, August 2018).

In order to mimic anoxic or anaerobic conditions, the DO of the tanks is set to 0. The “Plug
Flow Tank™ unit is originally designed for the suspended growth wastewater treatment and
hence reactive biomasses are assumed present in the tank initially. In this application, in order
to mimic the fermentation that is caused simultaneously by the biomass contained in the sludge
itself rather than by the biomass initially in the tank, the initial concentration of all the biomass
in the “Plug Flow Tank™ unit is set to “0” (personal communication, S Snowling, Hydromantis,

December 2018).

Sludge thickening and dewatering

WWTP C has both sludge thickening via drum thickening and sludge dewatering via centrifuge.
GPS-X does include modelling options for such processes, via the “Drum Microscreen” and
the “Hydrocyclone Solid Separation” units, which are corresponding to the actual process used
at WWTP C. In GPS-x, the “Drum Microscreen” and the “Hydrocyclone Solid Separation”
share the same set of operational parameters that control the modelling of thickening and
dewatering, though the default values are different. Considering the parameters will be tested
for sensitivity and adjusted later on, for simplification purpose the “Drum Microscreen” unit is
used for modelling of all thickening and dewatering processes regardless what the actual

process is.

Anaerobic Digestion

In WWTP C, the indigenous primary sludge will be thickened with the imported sludge together.
The indigenous SAS only is thickened alone. The thickened SAS and thickened primary sludge
will be combined and stored. The combined sludge is called Raw sludge. The Raw sludge will
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then be dewatered and fed to the Thermal Hydrolysis Process (THP). The THP treated sludge
will then be fed to the digester. The digested sludge will be stored in the storage tank prior to

its dewatering.

In this research, the complete model of WWTP C only includes the wastewater treatment, the
thickening of primary sludge and SAS, and the dewatering of raw sludge. The anaerobic
digestion and the subsequent dewatering of the digested sludge are modelled in a separated
layout. The reason for separating the models is that both the TOC:COD ratios and the organic
fraction are found influential to the flow and quality of the produced biogas, and to the soluble
nutrients content of the sludge liquor from the digested sludge dewatering (Hydromantis, 2015).
However, the appropriate TOC:COD ratio fits for the digestion process may not be the same as
the appropriate TOC:COD ratio fits for the modelling of the wastewater treatment. Moreover,
the predicted organic fraction of the dewatered raw sludge generated from the wastewater
treatment model may be substantially to the appropriate organic fraction for the digester feed,

which it is not possible to adjust.

The “Anaerobic Digestion” unit is used to model the sludge anaerobic digestion in WWTP C.
According to the actual configuration, the volume of the digester is set at 18,463 m? with 1,000
m? head space. Because there is not enough information, such as the sCOD of sludge treated

before and after the THP process, the THP process is not included in the model.

3.4.2 Influent characterization

The “codstate” model in the “mantis2” library is used for all the wastewater and sludge
modelling. The flow, concentration and fractions of the components of the raw wastewater and

sludge are required to initiate the modelling.

In total, it is necessary to input 66 variables of composite variables, state variables and fractions
in the “codstate” model to thoroughly specify every state variable required by the model
(Hydromantis, 2017). Due to the limited number of parameters actually measured in the
sampling campaign, only flow, COD, TKN and TP, nitrogen-related state variable of NH4"-N
and nitrite and nitrate, phosphorus-related state variable of phosphate, the VSS/TSS ratio, the

organic fractions of COD, the nitrogen fraction, the phosphorus fraction, and the ratios of TOCs
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to CODs are input to the model. This research assumes that there is no reactive biomass in the
raw wastewater and the variables of store poly-phosphate in PAO inorganic compounds,
organic fractions of volatile fatty acids, methanol and biomasses, inorganic compounds,

inorganic precipitates and soluble gases remain at their default values.

3.4.2.1Influent characterization of wastewater modelling

3.4.2.1.1 Flow

The raw wastewater fed to the wastewater treatment process has been screened and de-gritted,

and hence the screening and de-gritting were not included in the models.

Five sampling campaigns were undertaken for each WWTP. However, some wastewater and
sludge samples were unable to collect in some sampling campaigns. Data from three sampling
campaigns was used for modelling at WWTP A and D, four campaigns for WWTP C, and five
campaigns for WWTP B. The mean flowrate of the raw wastewater of those selected campaigns

will be inputted to the model.

WWTP B and C have sludge return liquor recirculated back to the primary settlement. For
these sites the flow and mass loading from the sludge return liquor is counted in the flow and
concentration of the actual raw wastewater for the purposes of modelling, as per Equation 3-

33 and Equation 3-34 in Section 3.5.6.

3.4.2.1.2 COD and its fractions

The composite variable of total COD is experimentally measured or calculated. The soluble
inert fraction to total COD, readily biodegradable fraction to total COD, and the particulate
fraction to total COD remains as default values of 0.05, 0.20 and 0.13 initially.

The key task of the COD characterization is to match the input sCOD and pCOD to the
experimentally measured values. This is achieved via adjusting the colloidal fraction of slowly

biodegradable COD (frscol), which is a type of sCOD, using Equation 3-11.
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Equation 3-10

sCOD — COD X frsi — COD X frss
COD x (1 — frsi— frss — frxi)
Where sCOD and COD is experimental measured sCOD and COD, fisi is soluble inert fraction

frscol =

to total COD, frss is readily biodegradable fraction to total COD, and fixi is the particulate
fraction to total COD.

3.4.2.1.3 Nitrogen compounds and its fractions

TKN and NH4"-N were experimentally measured on all the wastewater samples for the
modelling. Nitrite and nitrate were not experimentally measured on all of the wastewater
samples collected from WWTP B and only for some of the wastewater samples collected from
WWTP C. For those raw wastewater samples for which nitrite and nitrate were not measured
their contents are assumed to be 0 mg/L. Nitrite and nitrate were not measured on the primary
effluent and final effluent from WWTPs B and C. Neither WWTP has SAS recirculated back
to the primary settlement and nitrification does not occur in their aerobic activated sludge
process. Therefore, nitrite and nitrate content of the primary settlement and final clarification

were also assumed to be 0 mg/L.

Soluble TKN was not measured on all raw wastewater samples. The default value of 0.9 is

used.

The N content of the soluble inert material is set as 0.10 for WWTP A, C and D given that there
is a relatively big difference between the observed TKN and NH4'-N in the final effluent
(Roeleveld and van Loosdrecht, 2002, El Sheikh et al., 2016). The default value of 0.05 is set
for WWTP B because difference between the observed TKN and NH4™-N in the final effluent
is small. The N content of inert particulate material is set as 0.03 according to Roeleveld and

van Loosdrecht (2002).
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3.4.2.1.4 Phosphorus compounds and its fraction

Phosphate was experimentally measured on all the raw wastewater samples. The original
sampling campaign focused on understanding the phosphate flux through the wastewater

treatment works and hence TP was not measured. TP is therefore estimated using COD data.

Both WWTP A and C have historical data for COD and TP of their raw influents. There are
strong positive relationships (p<0.05, examined with Minitab 2018) between TP and COD in

both cases, as shown in Figure 3-1 and 3-2.
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Figure 3-1 Relationship between TP and COD of WWTP C
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Figure 3-2 Relationship between TP and COD of WWTP C
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Considering WWTP A and WWTP D both receives domestic wastewater with limited industrial
wastewater and WWTP D is geographically close (approximately 12 miles) to WWTP A
(personal communication, J McCowan, Scottish Water, July 2016), the TP of the raw
wastewater of WWTPs A and D is estimated via COD through the linear regression equation
of TP (mg/L) = 0.0063xCOD+1.875 determined by historical data of WWTP A. The same
approach applies to WWTP B and C as they receive substantial amount of industrial wastewater
and are close (approximately 7.5 miles) to each other (personal communication, L Wilkinson,

Northumbrian Water, March 2017). The equation is TP (mg/L) =0.00163xCOD.

Both the P content of soluble inert material and inert particulate material are set as 0.005

according to Roeleveld and van Loosdrecht (2002).

3.4.2.1.5 The VSS/TSS ratio

Neither VSS nor TSS were measured on all the wastewater samples. The VSS and TSS values
are not directly input to the model but are calculated by multiplying the inert particulate and
particulate substrate concentrations by a default ratio value of 1.8 g particulate COD/g VSS.
This ratio was not adjusted at any point during the modelling. Because the primary settlement
settles the suspended solids (Tchobanoglous et al., 2003), the VSS/TSS ratio of the inflowing

wastewaters are assumed to be the same as the VS/TS% of their primary sludge.

3.4.2.1.6 The Carbon content in substrates

The Carbon content of soluble inert material, inert particulate material, slowly biodegradable
substrate, soluble substrate, and colloidal material can be defined individually. Similar to the
default setting in GPS-X, for this research a common value was used for all five parameters.
The value given is site specific and is determined by dividing the TOC by the COD of the raw

wastewater.
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3.4.2.2 Influent characterization of sludge treatment

Only the sludge treatment of WWTP C was modelled in this research. The sludge treatment
prior to anaerobic digestion was modelled in the wastewater treatment model of WWTP C.
Thus, the flow and quality of majority of the sludge streams were predicted generated in the
model simultaneously. However, there were two occasions that the sludge is like the raw
wastewater need to be characterized for their fractions. The first one is the imported sludge that
is combined with the indigenous primary sludge and fed to the primary sludge thickening. The

other is the digester feed sludge.

3.4.2.2.1 Imported sludge

The characterization of the imported sludge focuses on three aspects: COD, TN and TP. The
concentration of each parameter (Cjpps) is calculated according to the predicted flow and
quality of the primary sludge and the measured flow and quality of the feed sludge to the
primary sludge drum thickener, and is calculated via Equation 3-11

Equation 3-11

Qpr X Cpp — Qps X Cpg

QImpS

CImpS =

Where Qpr is the measured flowrate of the feed sludge to the primary sludge thickening, Cpp
is the measured or estimated concentration of COD, TN and TP of the feed sludge to the
primary sludge thickening, Qps is the predicted flowrate of the primary sludge, Cpg is

predicted concentration of COD, TN and TP of the primary sludge, Qpmps i1s measured

flowrate of the imported sludge.

In GPS-X, the TS and VS of the sludge is not possible to predicted by modeling (Hydromantis,
2017). Rather, they are estimated from the COD. By default, the software considers that a gram
of pCOD is equal to 0.56 gram of VSS. Thus, a value of the COD of the digester feed sludge
and the measured VSS/TSS ratio will be input to the “Influent Advisor” in GPS-X and will
then be manually adjusted to a proper value that leads to an adequate TS and VS which are

close to the calculated result.
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The characterization of the imported sludge is based on the WWTP A and D’s primary sludges
that are co-settled with the indigenous biological sludge recirculated to the primary tanks. This
is because the primary sludge produced in WWTP A and D is actually exported to other
treatment works for thickening and dewatering. The phosphate, ammonium, organic fractions
(such as the inert particulate COD to total COD, the inert soluble COD to total COD, etc.),
nitrogen and phosphorus fraction, and part of the inorganic compounds are the component of
interest to characterize. The values of the components and fractions used for the imported
sludge are taken the mean value of the primary sludge generated from WWTP A and D. Details
are listed in Table 3-5.

Table 3-5 The concentration and fraction used for characterizing the imported sludge

Value of Value of Value
primary primary used for

Parameter Unit sludge of sludge of  Imported
WWTPA WWTPD sludge
ammonia nitrogen gN/m3 72.77 39.85 56.31
ortho-phosphate gP/m3 15.68 10.21 12.95
soluble inert fraction of total COD - 0.00 0.00 0.00
readily biodegradable fraction of total COD - 0.00 0.00 0.00
particulate inert fraction of total COD - 0.21 0.23 0.22
(éogc[);dal fraction of slowly biodegradable ) 0.00 0.00 0.00
acetate fraction of total COD - 0.02 0.02 0.02
propionate fraction of total COD - 0.01 0.00 0.01
unbiodegradable cell products fraction of
total COD - 0.02 0.07 0.04
iron hydroxide gFe(OH)3/m3 311.10 0.00 155.55
iron phosphate gFePO4/m3 444.70 0.00 222.35
magnesium — hydrogen  phosphate o \;1i064/m3 0.49 0.32 0.40
(newberyite)
magnesium ammonium phosphate (struvite) gMgNH4PO4/m3 39.07 0.41 19.74

3.4.2.2.2 Digester feed sludge

The characterization of the imported sludge focuses on four aspect, the COD, TN and TP, and

the flowrate.

In theory, the digester feed sludge comes from dewatered raw sludge, and therefore the COD,
TN and TP mass loading of the two should be the same. Because dewatered sludge is

occasionally imported, and combined with the dewatered raw sludge, the mass loading of the
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two may be different. However, this is not known for certain because flowrate and quality of
sludge going through the THP process was not measured. If the mass loading of the predicted
dewatered Raw sludge is smaller than the mass loading of the digester feed, then the measured
concentration of the digested feed will be used to characterize the sludge. If the opposite is the
case, the concentration of the digester feed will be estimated from the mass loading of the

dewatered raw sludge via Equation 3-12.
Equation 3-12

Qprs(p)

Cpr = Cpgs X
Qpr(0)

where Cpps is the concentration of COD, TN and TP in the dewatered Raw sludge, Qpgs(p) is
the predicted flowrate of the dewatered Raw sludge and Qpr(g)is the experimentally measured

volume observed of the digester feed.

The observed COD (estimated via VS via Equation 4-4), TN and the TP obtained from the five
sampling campaigns done in this study are 113,137.1 mg/L, 4,315.4 mg/L and 1109.7 mg/L,
respectively. The flowrate is collected from Northumbrian Water and is 876 m>/d (personal

communication, L Wilkinson, Northumbrian Water, 01 March 2017).

The NH4*-N and PO4s*-P content of the digester feed sludge will be estimated based on the

predicted value of the dewatered raw sludge through the Equation 3-12.

The soluble inert fraction to total COD, readily biodegradable fraction to total COD, the
particulate fraction to total COD, and the colloidal fraction of slowly biodegradable COD are
given values of 0.0, 0.0, 0.20 and 0.0, respectively. Default values were used for all other

fractions and concentrations.

3.4.3 Model calibration and validation

The aim of the calibration process is to match the simulated flow and quality of the effluent
wastewater and sludge to the experimentally measured values, and then to predict the flow and
quality of the unmeasured streams, and finally to study the mass and chemical energy balance

of the WWTPs (Petersen et al., 2002, Hulsbeek et al., 2002).
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There are two stages in the calibration process, the first is to screen the most influential
parameters that affects the predicted result, and the second stage is to adjust those screened
parameters to a reasonable value that makes the predicted flow and quality of the wastewater

and sludge match experimental observed values.

3.4.3.1 Parameter screening
According to Brun et al. (2002) and Liwarska-Bizukojc et al. (2011), a sensitivity coefficient
(8i/) is used to demonstrate how influential a parameter is to the predicted result. The Si;is
calculated via Equation 3-13 .
Equation 3-13

- M‘

YA X /x
where y;is predicted result (output variable), and x; is the input parameter variable which can
be a kinetic of the mechanical settling, mechanical thickening and dewatering, chemical

reaction or biological reaction, a model stoichiometry or a fraction.

Like Liwarska-Bizukojc et al. (2011), a 10% increase is first given to the input parameter
variable x; for obtaining a new predicted result yi. Meanwhile, the A x;/x; is constant as 0.1.
The Sijis then calculated. The S;; is studied on every output variable of the model. If the S;;is
greater than (.25, then the input parameter is considered as influential to the predicted

parameter (Liwarska-Bizukojc et al., 2011).

The Sijis then used to calculate the mean square sensitivity measure d;"*¢". This is used to
demonstrate the influence of a change in a single parameter to the overall predicted results

(Liwarska-Bizukojc et al., 2011). The /" is calculated using Equation 3-14.
Equation 3-14

Where n is the number of the target variables that characterizes the quality of the wastewater

and sludge.
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The parameters controlling the settling, biological reactions in the settlers, activated sludge,
sludge storage tanks, anaerobic digestion, and sludge thickening and dewatering will be studied
for both S and 6;™%". According to Liwarska-Bizukojc et al. (2011), if a parameter has a ;™%
greater than 0.1000 or ranks top 10-20™ among all the studied parameters, then it will be

selected for adjustment.

3.4.3.2 Parameter adjustment

3.4.3.2.1 Calibration algorithm

GPS-X has an Optimization function to numerically adjust the influential control variable to a
value (within a given range) that makes the predict value of the target variables fit closely to
their observed value (Hydromantis, 2017, Drewnowski et al., 2018). The Nelder-Mead
algorithm is used in Optimization function (Hydromantis, 2017, Drewnowski et al., 2018). The
control variables are commonly kinetics and model stoichiometry of a mechanical process or a

biological reaction.

There are three objective functions in the Optimization function that are used in the calibration
conducted in this research:

1. The “Relative Difference” (Equation 3-15),

2. The “Relative Sum of Squares” (Equation 3-16) and

3. The “Absolute Difference” (Equation 3-17).

Equation 3-15

m T
ROWICTR
j=1i=1
Equation 3-16
m T
Peyy [t
z
j=11i=1 b
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Equation 3-17

Where z;; is the measured value of response j in experiment i, fijis the value of response
variable j predicted by the process model in experiment i, m is the number of measured

response variables, and the number of experiments for response j.

The “Relative Difference” and “Relative Sum of Squares” aim to minimize the percentage
difference between the predicted values and the observed values of all the target variables.
However, the drawback of these two objective functions is that they prioritize the target
variable that is present at low concentrations as a small numerical change will leads to a big
percentage change. For example, the targeted concentration of A substance is 10 mg/L and or
B substance is 10,000 mg/L. The initial prediction of A and B is 9 mg/L and 10,000 mg/L. The
total relative difference between the initial prediction and the observation is |(9-
10)/10)+(10,000-10,000)/10,000)|=10%. A given change of a kinetic of a mechanical or
biological reaction is able to increase the prediction of A by 1 mg/L and the prediction of B by
10 mg/L. If “Relative Difference” is the objective function, the Optimization will not make the
change of the kinetic because the total numerical difference would be increased to |(10-
10)/10)+(10,000-10,010)/10,000[=0.1%. This also applies to the optimization using “Relative

Sum of Square” as objective function.

The “Absolute Difference” objective aims to minimize the numerical difference between the
predicted values and the observed values of all the target variables. The drawback of this is that
it will prioritize those target variables that have high concentrations (in thousands or tens of
thousands mg/L), since the change in them can be hundreds or thousands mg/L and therefore
leads to a substantial numerical difference. Using the same example stated in last paragraph for
demonstration, the total numerical difference between the initial prediction and the observation
1s |(10-9)+(10,000-10,000)|=1 mg/L. A given change of a kinetic of a mechanical or biological
reaction is still able to increase the prediction of A by 1 mg/L and the prediction of B by 10
mg/L. If Absolute Difference is the objective function, the Optimization will not make the
change of the kinetic because the total numerical difference would be increased to |(10-
10)+(10,000-10,010)|=10 mg/L.
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Regarding the given value range of the control variable, for the biological models the upper
boundary is set as 120% of the default value and the lower boundary is set as 80% of the default
value. If a value range is reported, then the reported range will be used. In some cases, instead
of a value range a single value is reported. If the reported value is higher than 120% or lower
than 80% of the default value, then it becomes the boundary. If the control variable is the
operational efficiency of a mechanical process, the range given is 0-1. The value ranges of the

kinetic and stoichiometry of the biological models are given in Appendix B.

3.4.3.2.2 Calibration procedures

The calibration procedures for the wastewater treatment modelling

The calibration procedures is developed from Fall et al. (2011) and is stepwise. The calibration
procedures of the wastewater treatment are slightly different for WWTP A and D, which have
SAS recirculation to their primary settlers, compared to WWTPs B and C which do not. The

calibration procedures are listed below.

Step 1
If there is substantial change of sCOD and phosphate after primary treatment, then a virtual
unit for sCOD removal and phosphate removal is added between the influent unit and the

primary settlers.

For the virtual sSCOD removal, the soluble inert fraction of total COD, colloidal fraction of
slowly biodegradable COD, readily biodegradable fraction of total COD and the chemical
dosage rate of Al2(SO4)3-18H20 are the control variables. The sCOD and pCOD of the raw
wastewater, sSCOD and the soluble inert sCOD of the primary effluent, are the target variable.
The soluble inert sSCOD, which is not experimentally measured, is set as 90% of the observed

sCOD of the effluent from final clarification (Hulsbeek et al., 2002).

For the wvirtual ferric dosing for phosphate removal, the chemical dosage rate of
Fe2(S04)3-9H20 1is the control variable and the measured phosphate concentration of the
primary effluent is the target variable.
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The objective function of the “Optimization” is “Absolute Difference”.

Step 2

For WWTP B and C (o SAS recirculated back to the primary settlement) the influential
parameters on the primary settlers are chosen first. The target variables of this tuning are the
pCOD, sCOD, TKN of the primary effluent and the TSS, VSS, TN and TP of the primary

sludge. The objective function of the Optimization is “Relative Sum of Squares”.

The influential parameters of the activated sludge and final settlers are then chosen for the
adjustment. However, if the influential parameter is from the ammonium oxidizers group or
the nitrite oxidizer group of the biological model, or is only influential (with a S;;> 0.25) to
the nitrogen derivatives of ammonium, nitrite and nitrate, then it is not adjusted. This was the
approach taken by (Fall et al., 2011). The target variables are the pCOD, sCOD, TKN, and
phosphate of the final effluent and the flow, TSS, VSS, TN and TP of the WAS. The objective

function of the “Optimization” is “Relative Sum of Squares”.

For WWTP A and D (SAS recirculated back to the primary settlement) the influential
parameters of the primary settlers, activated sludge, and final settlers are chosen for calibration
all at onceat this step.The target variables are the pCOD, sCOD, TKN, and phosphate of the
primary effluent, the pCOD, sCOD and phosphate of the final effluent, the TSS, VSS, TN and
TP of the primary sludge and SAS, and the flow of the SAS. The objective function of the
“Optimization” is “Relative Sum of Squares”. The same approach is taken for the ammonium

and nitrite oxidizer groups as for WWTPs B and C.

Step 3

The nitrogen related parameter will be adjusted. The target variables are the pCOD, sCOD,
TKN, and phosphate of the primary effluent, the pCOD, sCOD, ammonium, TKN, Nitrate, TN,
and phosphate of the final effluent, the TSS, VSS, TN and TP of the primary sludge and SAS,
and the flow of the SAS. The objective function of the “Optimization” is “Relative Sum of

Squares”.
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The calibration procedures for the sludge thickening and dewatering treatment prior to
anaerobic digestion

The influential parameters of the biological model of the sludge storage tank and sludge
thickening and dewatering will be adjusted at the same time. The target variables are commonly
the COD, sCOD, pCOD, ammonium, TKN and phosphate of the filtrate and centrate and the
COD, TN and TP of the thickened and dewatered sludge. In the case of the raw sludge
dewatering, the COD, TN and TP of the stored sludge (prior to dewatering) will also be chosen
as target variables in the tuning. That is because the stored sludge was what was sampled and
measured in the sampling campaign. The objective function of the “Optimization” is “Relative

Difference”.

The calibration procedures for anaerobic treatment and subsequent digestion

The influential parameters for the biological model as it relates to the anaerobic digestion and
dewatering of digested sludge are adjusted at the same time. The fraction of inflowing sludge
and the ratio of TOC content to per gram particulate CODs are also adjusted at this time. The
target variables are the TOC content of the feed sludge, the flow of the produced CO», CH4 and
total biogas, the COD, sCOD, pCOD, ammonium, TKN and phosphate of the filtrate and
centrate, and the COD, TN and TP of both the stored and dewatered digested sludge. The

objective function of the “Optimization” is “Relative Difference”.

3.4.3.3 Validation

Rieger et al. (2012) considers that it is acceptable to have + 5-15 % difference between the
predicted data and the observed data. However, current literatures rarely reported a quantitative
method for validating predicted data generated from the steady state modeling to the observed
data. But Liwarska-Bizukojc et al. (2011) reported a quantitative method for validating the
goodness of fit between the observed values and the predicted values produced in the dynamic
modelling. The method is to calculate the average relative difference by comparing a set of

predicted values to the corresponding observed values via Equation 3-18.
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Equation 3-18

n ov — PV

n=1(|T
n

| X 100%)
ARD =

where OV is the observed value, PV is the predicted value, n is the number of target variables

selected in the optimization.

In the example of Fall et al. (2011) which reported both the observed value and the predicted
values generated from steady state modeling, the ARD calculated is 23%. For this research an

ARD of no greater than 15% was deemed acceptable, to be consistent with the range of values

observed by Rieger et al. (2012).

Furthermore, a visualization aid developed by Fall et al (2011) was also used to demonstrate
the goodness of fit of the predicted values. The method is to use the observed value (in y-axis)
to plot against the predicted value. A diagonal line with a slope of 1 is drawn on all plots to use

as a reference line. The graphs are produced via Matlab 2017.

3.5 Construction of mass and chemical energy balances

The wastewater and sludge treatment in the investigated WWTPs consists of primary
settlement, aerobic activated sludge as secondary biological treatment, secondary clarification,
sludge storage and subsequent thickening and dewatering, and anaerobic digestion. This study
firstly examines the mass and energy balance of each individual process and then investigates

the balances of the entire WWTPs.

3.5.1 Calculation of mass loading

Mass loading within wastewater is calculated by multiplying flow (Q, m*/day) by concentration
(C, mg/L) in a sample collected simultaneously to the flow measurement (Equation 3-19).
Mass load is reported in units of kg/day or tonne/day, as appropriate.
Equation 3-19
M=Q x C

Where Q is the flow of the wastewater, and C is the concentration of a given contaminant.
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The concentration (C%) of sludge is expressed as percentage weight in dried solid and is
therefore a weight to weight unit. Thus, the mass loading within sludge is calculated by
multiplying the flow by the specific density (p, ton/m?®) of sludge first, and then by its TS% and
the corresponding concentration, as shown in Equation 3-20.
Equation 3-20
M =Q X pspage X TS% X C%
Where Q is the flow of the sludge, psjag4. is the specific density of sludge, TS% is the dried

solid percentage of the sludge, and C% is the percentage concentration to the dried solid.

However, the observed sludge concentration is to serve the modelling. In the modelling
software GPS-X, the component concentration is expressed weight to volume (w/v)
concentration in unit of mg/L. Therefore, the w/w concentration has to be converted in to mg/L

concentration.

In the sludge density calculation shown in Appendix C, the sludges sampled have a TS% varies
from 0.5% to 24.0%, and VS/TS% varies from 60% to 80%. In this range of TS% and VS/TS%,
the specific density of sludge falls in the range of 1,001 to 1,061 g/L. Thus, the specific density
of all the sludges in this study were assumed as 1,000 g/L. A 1,000g/L sludge specific density
is also applied in Lu (2006).

Therefore, the w/v TS content of the sludge (TSs, g/L) is calculated via Equation 3-21.
Equation 3-21
TSy =TS% * 1,000
For other sludge component of VS, TOC, TN and TP, their w/v concentration is calculated via
multiplying the TSs with their weight percentage to TS. For example, the w/v VS content of
the sludge is calculated by multiplying the TS with VS/TS%.

3.5.2 Calculation of chemical energy loading

As chemical energy content of wastewater (Eww, kJ/L) is also a concentration, chemical energy
(E) loading within wastewater is calculated by multiplying flow with the corresponding Eww
(as shown in Equation 3-22).
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Equation 3-22
E=0Q X E,w

where Q is the flow of the wastewater and Eww

Since chemical energy content (Egs, kJ/g) of sludge is the calorific value of the dried solid,
chemical energy loading within the sludge is calculated by multiplying flow by the specific
density (p, ton/m®) of sludge first, and then by its TS% and the corresponding Egs (as shown in
Equation 3-23).

Equation 3-23

E=0Q X psiage X TS% X Egs

where Q is the flow of the wastewater, psiudge is the density of sludge and is assumed 1,000g/L,
TS% is the dried solid percentage of the sludge, and Egs is the chemical energy content (kJ/g)
of the dried sludge.

The chemical energy loading may also be estimated through the relationship between the
chemical energy content (in kJ/L or kJ/g) and the TS, VS and COD determined in Chapter 4.

3.5.3 Flow balance

As shown in Section 3.5.1 and 3.5.2 flow is the key element for acquiring mass and energy
loading. In this study, flow of all the raw inlet and SAS sludge, feed sludge to thickening and
dewatering process, and in-flowing and out-flowing sludge to the digester were measured and
collected by water companies (stated in Section 3.1.3). However, the flow of primary effluent
of WWTP A, B and D, secondary effluent of WWTP A and D, the primary sludge of WWTP
B and C, and the out-flowing sludge of WWTP B and C’s sludge thickening and dewatering
were not measured by water companies. Neither was it possible to measure these variables with
a portable flow meter. Given that the total inlet flowrate should equal the total outlet flow (Puig
et al., 2008), in this study the effluent wastewater flow rate is therefore calculated using
Equation 3-24.
Equation 3-24
Qm = QEff + s

where Qinis the flow of all influents, Qestis the flow of all the effluent wastewater streams, and
Qsis the flow of all the effluent sludge streams. The influent liquid streams, effluent wastewater
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streams and sludge streams of the flow balance of each individual process are listed in Table

3-6.

Table 3-6 The influent liquid streams, effluent wastewater streams and sludge streams of the flow balance of

Process

Primary

Activated Sludge

Secondary Clarifier

Activated Sludge +

Secondary Clarifier

Whole Wastewater

treatment work

Sludge Holding Tank
Sludge Thickening and

Dewatering

Anaerobic Digestion

Wastewater treatment +

Sludge Treatment

3.5.4 Mass bhalance

each individual process

an
WWTP A and D:

Raw wastewater plus

recirculated biological sludge

WWTP B and C:
Raw wastewater plus sludge
return liquor

Primary effluent
RAS

Mixed liquor

Primary effluent
WWTP A and D:

Raw wastewater

WWTP B and C:
Raw wastewater and sludge

return liquor

Sludge
Sludge

Sludge feed

Raw wastewater and sludge

return liquor

Qefr

Primary effluent

Mixed liquor

Final Effluent

Final Effluent

Final Effluent

N/A
Return Liquor

N/A

Final Effluent

Return liquor

Qs

Primary sludge

N/A

RAS
SAS

SAS

WWTP A and D:
Primary Sludge

WWTP B and C:
Primary Sludge +
SAS

Stored sludge
Thickened or
Dewatered sludge

Digested Sludge

Digested Sludge

This study investigates the mass balances of COD, TN and TP of all the processes and the mass

balances of TS and VS of the sludge thickening and dewatering processes. In wastewater and

sludge treatment there are commonly multiple outflows: (1) treated effluent, (2) sludge and (3)
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gaseous emissions (captured or otherwise). Therefore, the mass balance of a process is
expressed as shown in Equation 3-25.
Equation 3-25
My, = Mgss + Mg + Mg
Where Min is the influent mass, Me is the effluent mass in the treated effluent, Mg is the
effluent mass in the gaseous emission, and Ms is the effluent mass in the removed sludge. The

influent liquid streams, effluent wastewater streams and sludge streams used in the mass

balance of each individual process are listed in Table 3-7.

Table 3-7 The influent and effluent wastewater streams and sludge streams used in the mass balance of each
individual process

Process Min Mert Ma Ms
WWTP A and D:
Raw wastewater
and recirculated biological
Primary Settlement S Primary effluent N/A Primary Sludge
WWTP B and C:
Raw wastewater
and sludge return liquor
. Primary effluent . :
Activated Sludge RAS Mixed liquor COzand N2 N/A
Secondary . . . RAS
Clarification Mixed liquor Final Effluent COzand N2 WAS
Activated Sludge_+ Primary effluent Final Effluent COzand N2 WAS
Secondary Clarifier
WWTP A and D: WWTP A and D:
Raw wastewater Primary Sludge
Whole Wastewater .
treatment work WWTP B and C: ATl i e SOl N2 WWTP B and C:
Raw wastewater Primary Sludge +
and sludge return liquor WAS
SIUdgﬁaﬂﬁldmg Sludge N/A COzand N2 Stored sludge
. . Thickened and
Sludge Thlckeplng Sludge Return Liquor N/A Dewatered
and Dewatering
sludge
Biogas
Anaerobic Digestion Sludge feed N/A (CH; and Digester Sludge
COy)
Wastewater . .
treatment + Sludge dRIa V(\j/ wastewatlgr I;mal Eflfluent Bloggsl,\gOz Digester Sludge
Treatment and sludge return liquor eturn liquor an
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To investigate the distribution pattern of COD, TN and TP in individual process, in Chapters 4
and the proportionate mass flows of substances as treated effluent, sludge, or gaseous emission
are expressed as percentages of the total influent mass.

If both flow and concentration of all inflow and outflow streams are directly measured or
modelled, the mass balance is considered as closed. Nevertheless, as there may be error in both
flow and concentration measurement it is not always the case that inflowing mass is exactly
equalled by mass flows out. The error of the closed mass balance is studied by comparing the
numerical difference between the right and the left of Equation 3-26. Considering flow
measurement may be subject to errors of £ 15% (Agu et al., 2017), if the difference is within +
15%, the mass balance is considered as balanced and correct. If the difference is outside of +
15%, the mass balance is considered as incorrect, and discussion is provided on the possible

causes of the inaccuracy.

If an individual mass loading is calculated by directly subtracting the sum of all out-flowing
mass loadings from the inflows (as shown in Equation 3-26), that mass balance is always
balanced. This type of mass balance is considered as open mass balance. Its accuracy is
examined via comparing the percentage mass loading of each component to the theoretical or

reported value in literature.
Equation 3-26

MOut(unknown) = Mln - z MOut(known)
Where Moutuninowny 1s the effluent mass which is neither measured or calculated, M, is the
influent mass, and }; M gy¢(known) is the sum of measured or calculated effluent mass. This

method has mainly been applied to the activated sludge and its subsequent final clarification
and sludge storage. This is because flows and concentrations of their potential gaseous

products were not measured.

3.5.5 Chemical energy balance

If there is no chemical energy consumed during the process then the chemical energy balance

is expressed as the Equation 3-27.
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Equation 3-27
Eyn = Eggr + Eg + Es
Where Ein is the influent chemical energy, Eesis the effluent chemical energy in the treated
effluent wastewater, Eg is the effluent chemical energy in the gaseous emission, and Es is the
effluent chemical energy in the sludge retained in the treatment process. Although gaseous
products are generated in some processes, if the gaseous product (such as CO2 and N») has a
calorific value of zero then they are not accounted for in the energy balance calculation. The

influent liquid streams, effluent wastewater streams and sludge streams of the energy balance

of each individual process are listed in Table 3-8.

Table 3-8 The influent and effluent wastewater streams and sludge streams of the energy balance for each
individual process

Process Ein Eef Ec Es
WWTP A and D:
Raw wastewater
and recirculated biological
Primary Settlement S Primary effluent N/A Primary Sludge
WWTP B and C:
Raw wastewater
and sludge return liquor
Activated Sludge P”mag:;ﬂ”e”t Mixed liquor N/A N/A
Secondary . . . RAS
Clarification Mixed liquor Final Effluent N/A WAS
Activated Sludge_ * Primary effluent Final Effluent N/A WAS
Secondary Clarifier
WWTP A and D: WWTP A and D:
Raw wastewater Primary Sludge
Whole Wastewater .
treatment work WWTP B and C: ATl i e M WWTP B and C:
Raw wastewater Primary Sludge +
and sludge return liquor WAS
Sludge Holding
Tank Sludge N/A N/A Stored sludge
. . Thickened or
Sludge Thlcke_nlng Sludge Return Liquor N/A Dewatered
and Dewatering
sludge
Lo Biogas .
Anaerobic Digestion Sludge feed N/A (CH.) Digester Sludge
Woastewater . .
treatment + Sludge dRlav(\j/ Wastewatlgr Final Eflf_luent Biogas Digester Sludge
Treatment and sludge return liquor Return liquor (CHas)
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The biological elements of secondary treatment and anaerobic digestion may consume part of
the influent chemical energy. Specifically, the difference between the in-flowing energy and
the out-flowing energy is considered as loss of energy. Their energy balance is expressed as
Equation 3-28.
Equation 3-28

Epm = Egpr + Eg + Es + Ej s
where Ein is the influent chemical energy, Eesis the effluent chemical energy in the treated
effluent wastewater, Eg is the effluent chemical energy in the gaseous emission, Es is the
effluent chemical energy in the removed sludge, and Eioss is the difference between the in-
flowing chemical energy and the out-flowing chemical energy.

If the chemical energy loading of all the inflows and outflows are calculated by multiplying
flow and concentration the balance is considered as closed. The examination of its accuracy is

described in Section 3.5.4.

3.5.6 Calculations related to the primary treatment

In the construction of the balances the major complexity is within the primary settlement, as
the influent not only consists of raw inlet wastewater but also of recirculated biological sludge,
or sludge return liquor. Therefore, two issues need resolving: the first is to calculate the actual
primary sludge produced due to the sedimentation of the particulates from the raw wastewater,
and the second is to estimate the flow of the sludge return liquor as it is not measured by the

water companies.

For the first issue, this study assumes that all of the biological sludge recirculated back to the
primary settlement will completely settle and be completely discharged within the primary
sludge. The mass of actual primary sludge is therefore calculated by subtracting the mass of
biological sludge from primary sludge in the mass balance, as indicated in Equation 3-29. An

equivalent expression applies to energy (Equation 3-30) and nutrients.
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Equation 3-29
Mgy = Mpg + Myps = Mpg + (Mps — Mps)
Where Mg is the influent mass in the raw inlet, Mpg is the effluent mass within the primary
effluent, Maps is the is effluent mass of the actual primary sludge, Mps is effluent mass within
the primary sludge combined with actual primary sludge and biological sludges, and Mgs is the
mass of all the biological sludge recirculated back to the primary settlement tank.

Equation 3-30
Er; = Epg + Egps = Epg + (Eps — Eps)
Where Er; is the influent chemical energy with in raw inlet, Epe is the effluent chemical energy
within the primary effluent, Eapsis the is effluent chemical energy of the actual primary sludge,
Eps is effluent chemical energy within the primary sludge combined with actual primary sludge
and biological sludges, and Egs is the chemical energy of all the biological sludge recirculated

back to the primary settlement.

For the second issue the flow of the return liquor is estimated through the flow balance and the
TS mass balance. The flow and TS mass balance of a sludge thickening or dewatering facility

can be described as in Equations 3-31 and 3-32.

Equation 3-31

Qws = Qrr + Qpews
Where Qyysis the influent wet sludge flow, Qg is the flow of the return liquor (the removed

wastewater), and Qp.ws is the flow of the effluent thickened or dewatered sludge.

Equation 3-32
Mifs = M + MBS
Where M15is the influent TS mass, ML is the TS mass within the return liquor (the removed

wastewater), and MT3 ¢ is the TS mass within thickened or dewatered sludge.

Dew.
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According to Equation 3-20 and 3-31, the Equation 3-32 is derived into Equation 33 as
Equation 3-33

Qws X TSws% = Qry X Ci + (Qws — Qre) X TSpew%

0up = Qws X (TSws% — TSpews%)
r (CE: = TSpews%)

where Qg is the flow of the return liquor (the removed wastewater), Qysis the influent wet
sludge flow, TS pews% is the TS% of the thickened or dewatered sludge, TSy 5% is the TS%
of the wet sludge, and €% is the TS concentration of the return liquor. Because this study
considers the specific density of the sludge to be 1 g/L of the sludge, 1% TS% is equal to 10,000
mg/L of TS.

Once the flow of the sludge return liquor is known, the concentration of the actual in-flowing
wastewater containing sludge return liquor can be calculated using Equation 3-34.

Equation 3-34
_ Mg, + X Mgg,
Cln(actual) -~
an(actual)
Where Mg is the mass within the raw inlet, }; Mg, is the sum of mass with the sludge return
liquor, Qincactual) is the actual flow which includes all the raw wastewater, filtrates and centrates

to primary settlement.
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Chapter 4 Results and Discussion: Chemical energy of wastewater and

sludge

This chapter discusses the chemical energy within wastewater and sludge. It examines the
performance of an innovative wastewater drying method developed in this research (in Section
4.1.1). It presents the energy-related characteristics of wastewater (in Section 4.1.2) and sludge
(in Section 4.2.1), and then investigates the relationships between routinely measured variables

and wastewater energy (in Section 4.1.3 and 4.1.4) or sludge energy (in Section 4.2.2).

4.1 Chemical energy of wastewater

4.1.1 Method Improvement

A key objective of this research was to develop a more reliable method for the routine
determination of municipal wastewater energy content. The method should be effective in
retaining the COD in the dried wastewater because any loss of COD will result in loss of energy
and therefore an erroneously low value for energy content will result (Heidrich et al., 2010).
Moreover, the method should be also time efficient since the current measurement could take

approximately weeks to finish (Heidrich et al., 2010).

COD loss 1s primarily associated with the sample drying process (Heidrich et al., 2011). In this
study, the centrifugal evaporation is used to dry the wastewater and therefore the effect of
drying by centrifugal evaporation was tested. Results indicated that the centrifugal evaporation
drying of samples has a greater COD recovery (mean 84.8%, n=36) than both freeze-drying
(73.8 — 81.7%) and oven-drying (51.3 — 56.2%) (Heidrich et al., 2010). Using the centrifugal
evaporation drying process, there was no particular difference in COD loss during drying of
raw wastewater, primary treated and secondary treated, despite the large differences in initial
COD: 87.4% (n=16), 82.6% (n=12) and 82.9% (n=8), respectively. Losses of COD during
drying have previously been ascribed to loss of volatile organic compounds such as

acetate (Heidrich et al., 2010), and that may be the case with losses during centrifugal
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evaporation drying also. Nevertheless, centrifugal evaporation still incurs lower losses than the

freeze-drying process.

In terms of the drying time, centrifugal evaporation is able to simultaneously dry six 400 mL
wastewater samples typically less than 72 hours. Comparing to freeze-drying which requires
28 days to dry 1.5 L wastewater sample (Heidrich et al., 2010), centrifugal evaporation is a far

quicker drying process but does not compromise the effectiveness in retaining COD.

4.1.2 Wastewater characteristics

Summary statistics for the COD and energy content of the wastewaters (spot raw, composite
raw, composite primary treated and composite final effluent) of all four study sites are shown

in Table 4-1.

The CODs of raw wastewaters A, B and C are significantly higher than that of wastewater D
(p <0.05), and the COD of Wastewater B is statistically higher than Wastewater C (p < 0.05).
Notwithstanding these differences, the four domestic wastewaters sampled are typical of COD
concentrations of domestic wastewaters internationally (430 mg/L to 800 mg/L for medium
and high strength wastewaters respectively) (Tchobanoglous et al., 2003). Unsurprisingly,
given that organic matter is removed through the treatment process, there is a consistent

decrease in COD, at all wastewater treatment plants, from raw wastewater to final effluent.

The overall mean energy content of the spot raw and composite raw wastewaters falls in the
previously reported range of 1.12 kJ/L and 41.11 kJ/L (Korth et al., 2017, Heidrich et al., 2010,
Shizas and Bagley, 2004). Similar to the COD, there is a consistent decrease in chemical energy
content of wastewater (Eww, kJ/L), at all wastewater treatment plants, from raw wastewater to

final effluent, with the overall mean for the latter being < 1.5 kJ/L.
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Table 4-1 Mean COD and E,, (+ standard deviation) of wastewater samples from this research compared to

Parameter

Centrifugal Vacuum Dried

WWTPA

WWTP B

WWTPC

WWTP D

Overall

Oven Dried

Heidrich et al.

(2010)

Korth et al.
(2017)

Shizas and
Bagley (2004)

Freeze Dried

Heidrich et al.

(2010)

Korth et al.
(2017)

COD, mg/L
Evww, kJ/L
COD, mg/L
Evww, kJ/L
COD, mg/L
Eyww, kKJ/L
COD, mg/L
Evww, kJ/L
COD, mg/L

Evww, kKJ/L

COD, mg/L
Eyww, kKJ/L
COD, mg/L
Evww, kJ/L

COD, mg/L
Eww, KI/L

COD, mg/L
Evww, kJ/L
COD, mg/L

Eww, kI/L

literature values

Spot Raw

530.1 £276.3
(n=12)
10.20 +4.20
(nll)
714.7 £229.1
(n=12)
11.94 +4.70
(n=12)
568.9 +148.1
(n=12)
6.85+2.77
(n=12)
409.6 £189.8
(n=12)
6.53 £6.08
(n=11)
555.8 £236.3
(n=48)
8.90 +4.98
(n=46)

431(n=1)
6.30 (n=1)

Composite
Raw

758.0 433
(n=5)
12.22 +£8.30
(n=5)
613.1+57.7
(n=5)
11.00 +1.57
(n=5)
522.8+109.3
(n=9)
7.86 £2.63
(n=9)
305.4£113.5
(n=5)
4.40 £1.01
(n=3)
545.4+251.4
(n=24)
8.70 £4.88
(n=24)

647.3+£100.6

(n=2)

6.95+1.91
(n=2)

1275 £ 915
n=17)

6.30+4.19
(n=23)

647.3 + 100.6
(n=2)
12.20 £ 6.51
(n=2)
1817 + 1091
(n=3)
20.22 + 10.65
(n=6)
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Composite
Primary
Treated

312.3+158.0
(n=5)
4.65+2.83
(n=5)
392.2 +40.7
(n=5)
6.39 £0.71
(n=5)
450.0 £96.2
(n=5)
6.87 £2.15
(n=5)
150.0 £55.9
(n=5)
2.17 £0.96
(n=5)
326.1+£147.0
(n=20)
5.02 £2.56
(n=20)

Composite
Final Effluent

38.24 +£10.07
(n=5)
0.14 £0.09
(n=5)
57.5+28.4
(n=5)
0.54 +0.25
(n=5)
93.8 £27.4
(n=5)
1.31 £0.16
(n=3)
24.89 +6.75
(n=5)
0.11 +£0.10
(n=4)
51.51 £31.48
(n=19)
0.46 +0.48
(n=17)



4.1.3 The relationship between COD and chemical energy content of wastewater

For the purposes of data analysis samples were grouped into four categories: (1) composite raw
wastewater samples only (2) all composite samples i.e. raw, settled and final effluent (3)
individual spot raw wastewater samples collected at different times through a day, and (4) all

wastewater samples (both composite and spot samples).

The tested variables (stated in Section 3.2.1) were first analyzed for their correlation with Eyw.
For the composite raw samples COD, pCOD, TOC, DOC and VS all had a strong correlation
with Eww (Spearmen Rho >0.85, p<0.05). For all composite samples COD, pCOD, TOC, POC,
Tee and chemical energy content of dried wastewater (Eaww, kJ/g) all have a strong correlation
with Eww (Spearmen Rho >0.90, p<0.05). For the spot raw samples COD and Egww have the
strongest correlation with Eww (Spearmen Rho >0.70, p<0.05), and for all composite and spot
samples combined COD, pCOD and Egww all have strong positive correlations with Eww
(Spearmen Rho >0.85, p<0.05). COD has a ubiquitously strong correlation with Eww,

irrespective of sample group.

The variables with the strongest correlation with the Eyww were analysed by the Best Subset
function of Minitab to identify the most appropriate variables (in terms of r* and the adjusted
12 (r%aqi)) to use in a regression model. Although an increase in the number of variables might
improve the value of r?, if 1%,qj is not simultaneously increased, then the variable tested could
be excluded in the regression (Minitab Inc., 2017b). The best regression model was considered
that having the highest r?q; but with as few variables as possible. The results of the Best Subset
study are shown in Table 4-2.
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Table 4-2, Best regression for estimating wastewater energy

No. of Variables r? rlagj Parameter Required

Composite raw, n=24

1 88.9 88.4 pCOD

1 86.5 85.9 COD

1 83.7 83.0 TOC

2 91.1 90.2 pCOD, DOC

3 91.9 90.7* COD, pCOD, DOC

4 92.1 90.4 COD, pCOD, DOC, VS

5 92.1 89.9 COD, pCOD, TOC, DOC, VS
All composite, n=59

1 92.9 92.8 COD

1 92.7 92.5 pCOD

1 91.4 91.2 TOC

2 93.9 93.7 COD, pCOD

3 95.0 94.8* pCOD, TOC, VS

4 95.2 94.8 COD, pCOD, TOC, VS

5 95.3 94.8 COD, pCOD, TOC, VS, TScve

6 95.3 94.8 COD, pCOD, TOC, VS, TScve, Edww
Spot raw, n=46

1 51.3 50.1 Er

1 50.8 49.7 COD

1 41.1 39.8 TScve

2 89.7 89.2 TScve, Edww

3 90.8 90.1* sCOD, TScve, Edww

4 90.8 90.0 COD, sCOD, TScve, Ear
All samples, n=107

1 77.2 77.0 COD

1 68.3 68.0 Edww

1 52.7 52.2 TScve

2 90.9 90.7 TScve, Edww

3 91.5 91.2% COD, TSe¢ve, Eqww

4 91.5 91.2 COD, P-PO4*, TScve, Edww

5 91.5 91.1 COD, sCOD, P-POs*, TScve, Eaww

*: The regression with highest r?,qj but as few variables as possible

For both the composite raw and composite of all samples, the 12 of all the single or multiple
regression analyses varies within a narrow range 88.9%-92.1% and 92.9%-95.3%, respectively.
For the composite raw, the 1* of the regression determined solely by COD, pCOD or TOC with

Eww, of the composite raw samples are all above 80.0 % (p<0.05). For all composite samples
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the 1 values for the regression of COD, pCOD or TOC with Ey are over 90% in all cases
(p<0.05).

In both cases of the spot raw and all samples, the best regression comprises the TScve and Eqww.
In fact, Eww is calculated by multiplying TScve and Egww together. If both TScve and Egww are
known, there is no need to use regression to estimate Eww. For both sample groups, regressions

determined solely by COD still result in the strongest single variable regressions.

Regression based solely on COD always ranks in the top 2 of single variable regressions for
each sample group, and the r* of regression determined by pCOD or TOC of the composite
samples is always greater than 90%. Hence, COD is selected to plot against the Ey.w of different
sample groups, and pCOD and TOC are chosen to plot against the Eyww of the composite samples.
The plot, regression line (red solid line), the confidence interval (green dash line) and the
prediction interval (purple dash line) of each individual regression are shown in Figure 4-1.
The regression equations of each individual regression are listed in Table 4-3. It is worth noting
that the Minitab 18 can only display the confidence interval and prediction interval on
regressions has intercept in its regression equation. However, in 5 out of 6 cases shown in
Figure 4-1, the intercept is not statistically significant (p>0.05) and can be potentially removed
from the regression equation (Minitab Blog Editor, 2013). Thus, the regression equation with
no intercept is also worked out and listed in the Table 4-3. Although the regression with no
intercept has a higher r* than the regression with intercept does, That is because of the r? is
calculated differently and it does not mean the quality of the former is better than the latter

(Minitab Inc., 2017a).
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Figure 4-1 Plots of E.. of different sample groups against COD, pCOD or TOC. (A) Eww of Composite Samples
against pCOD, (B) Eww of Composite Samples against TOC, (C) E. of Composite Raw against COD, (D) Eww
of Composite Samples against COD; (E) Ew of Spot Raw against COD, and (F) E of All Samples against
COD

Table 4-3 Regression equations of regressions between Ey. and pCOD, TOC and COD shown in Figure 4-1

Regression Equation without

n Regression Equation with intercept*
intercept®
Figure 4-1 (A) 60 Eww=0.172+0.0227 pCOD(r>=92.7%) Eww=0.0231 pCOD (1°=96.7%)
Figure 4-1 (B) 61 Eww= -0.560+0.0599 TOC(r*=91.7%) Eww=0.0562 TOC (1>=96.0%)
Figure 4-1 (C) 24 Eww=-1.149+0.0181 COD(r*=86.5%) Eww=0.0163 COD (r*=96.6%)
Figure 4-1 (D) 61 Eww= -0.549+0.0171 COD(1*=93.2%)** Eww=0.0161 COD (r*=96.7%)
Figure 4-1 (E) 46 Eww= 0.02+0.0155 COD(r*=50.9%) Eww=0.0156 COD (r*=88.5%)
Figure 4-1 (F) 107 Eww=-0.382+0.0164 COD(r*=77.2%) Eww=0.0158 COD (1*=91.6%)

*: Eww 1s unit of kJ/L. pCOD, TOC and COD are in unit of mg/L.
**: The intercept of the regression equation is found statistically significant.
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In Figure 4-1 the sample sizes of the 6 datasets shown vary from 24 to 107, compared to a
sample size of only 19 in the work of Korth et al (2017). Moreover, apart from the regression
determined by COD for the spot raw sample (Figure 4-1 (C)), the r* of the regression models
shown in Table 4-3 are also stronger than those reported for the COD (n=14, ’=65%) and TOC
(n=19, r’=66%) models in Korth et al. (2017). Since the univariate regressions determined by
the single variables of COD, pCOD or TOC are almost as strong as the multivariate regression,
using these individual variables appears to be a very reliable means of estimating the inflowing

chemical energy to a WWTP.

The regression equations shown in bottom 4 rows of Table 4-3 indicate the numerical
relationship between the Eww and COD. Because the Eyy is in unit of kJ/L and the COD is in
unit of mg COD/L, the slope will be in unit of kJ/mg COD. If the slope is simply considered
as how many kJ of chemical energy is contained in 1 mg of COD, then the measured values
are likely to be smaller than the actual value because approximately 15% of the COD is lost
during the centrifugal drying process. Nevertheless, the slope of the regression equation with
no intercept (from 15.6-16.3 kJ/g COD) still indicates a greater energy per gram of COD than
is present in a selection of organic compounds commonly found in municipal wastewaters
(Table 4-4) (Huang et al., 2010). The rest of the content of this Section 4.1.3 will discuss the

cause of this difference.

Table 4-4. Common organic compounds and their calculated energy values

Compounds? Type Formula AH/gCODP
Glutamic Proteins CsHgNO4 134
Aspartic C4H7NO4 13.3
Glucose Sugars CeH 1206 14.6
XleSC C5H1005 14.7
Acetic acid Volatile Fatty CH;COOH 13.6
Acids
Butyric Acid CH;CH,CH,COOH 13.6
. Humic
Fulvics substances C33H32019 15.7
Humics C34H34016N2 11.6-14.5
Cellulose Others (C¢H1206)n 14.6
Lignin (CoH1002)n, (C10H1203)n or (C11H1404)n 14.1

A selection of different compound types selected, but all have been shown to be present at high
concentration in municipal wastewater by Huang et al. (2010).

YAH/gCOD is calculated from deoxygenation enthalpy values presented by Sato (1990), except for
Fulvics which is based on data in Reddy et al. (1989). Values for energy content of additional organic
compounds can be found in Heidrich et al. (2010).
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In principle, the kJ/g COD can be calculated via the Equation 4-1.
Equation 4-1

ww

E

Where E,. (kJ/L) is the chemical energy of a wastewater and COD (g/L) is the COD

concentration of that wastewater.

There are three main issues that might compromise the accuracy of the determination of the
kJ/g COD value:
A. Whether the bomb calorimeter is able to combust all the energy-containing substances
B. Whether the dichromate method of COD analysis is able to oxidize all the substances
that contribute energy and

C. How much of the substances that contribute to energy is lost during the drying process.

The quite a few common organic compounds listed in Table 4-3 have been measured for their
calorific value via bomb calorimetry, for instance, Shizas and Bagley (2004) measured glucose,
Evans and Skinner (1959) measured the acetic acid, Ribeiro da Silva et al. (2013) measured
cellulose, Colbert et al. (1981) measured cellulose, Tsuzuki and Hunt (1957) and (Tsuzuki and
Hunt, 1957) measured aspartic acid and glutamic acid. In those studies, the measured caloric
values of the tested substances well match those substances’ standard enthalpy of combustion
since the difference between the two is less than 5% (Shizas and Bagley, 2004, Colbert et al.,
1981, Evans and Skinner, 1959, Ribeiro da Silva et al., 2013, Wu Yang et al., 1999). This
indicates the bomb calorimeter is able to fully combust those substances in the wastewater and

deliver a reliable calorific value.

Regarding the second issue that may compromise accuracy (B), in this research the COD was
tested using the dichromate method, in which the contaminants are oxidized in a solution rich
in the dichromate ion (Cr.07*") (APHA, 2012). During the reaction, the oxidant Cr,O7* is
reduced to Cr**, which results in a color change in the solution (APHA, 2012). Subsequently,
the quantification of the extent of the color change indicates the COD concentration of a sample
(APHA, 2012). But the dichromate is unable to fully oxidize every oxidizable substance, and
yet some of these oxidizable substances can contribute chemical energy (APHA, 2012, Li et

al., 2012, Boyles, 1991). In this sense, the COD measured by the dichromate method may be
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lower than the theoretical COD of a sample completely oxidized via combustion. This could

therefore result in an erroneously high value of kJ/g COD.

The substances that contain energy but are resistant to Cr,O7> oxidation include benzene,
toluene, pyridine, ammonia and its derivatives (considered as the TKN). (Li et al., 2012,
Scherson and Criddle, 2014, Boyles, 1991). The contribution of these substances to the total
Eww varies. Although the calorific value of benzene, toluene and pyridine can be up to two
times greater than that of TKN, their combined contribution is actually less than 1% because
of their low concentrations in wastewater (Huang et al., 2010, Li et al., 2012, Thornton et al.,
2001, Zalat and Elsayed, 2013). Consequently their contribution to energy is less than one tenth
of the energy contained in TKN (shown in Table 4-5). Scherson and Criddle (2014) suggested
that approximately 15% of chemical energy in raw wastewater is from TKN. Hence, this
research considers that the energy contributed from the unmeasurable COD is mainly from
TKN. Total wastewater energy content is considered to come mainly from TKN and the

measurable COD.

Table 4-5 Chemical energy contributed by commonly found substances unaccounted for in the COD

measurement
Concentration in raw Calorific Chemical Proportion to
wastewater, mg/L’ value, kJ/g® Energy, kJ the total Eww, %°
Benzene 0.2 41.8 0.01 0.1%
Toluene 0.6 424 0.03 0.3%
Pyridine 1.0 33.5 0.03 0.4%
NH4*-N ¢ 27.2 22.5 0.61 7.0%
TKN ¢ 40.77 22.5 0.92 10.6%

2 For benzene and toluene, the listed value is the reported in Thornton et al. (2001). For Pyridine, the listed value
is based on data reported in Zalat and Elsayed (2013). For N-NH4" and TKN, the listed values are the mean
concentration of the composite raw.

b The caloric value is calculated by dividing the enthalpy of combustion by the molar weight (NIH, 2018b, NIH,
2018a, NIST, 2018b, NIST, 2018a).

¢The proportion is calculated by diving the chemical energy by the mean Ey., of the composite raw (listed in Table
4-2).

Ammonia is volatile and is likely to be evaporated during the drying process along with other
volatile compounds that contribute to COD (Maurer and Miiller, 2012, Huett, 1997). Hence, its
contribution to the subsequent energy measurement will be cancelled. But the nitrogen
containing protein may still stay in the dried residue after evaporation (Singh, 2007). The exact
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amount of NH4"-N and TKN that remained in the dried residue was not determined as part of
this research. Hence, it was not possible to calculate the exact energy contributed by the NH4"-
N and TKN compared to that contributed by the measurable COD. In this sense, the slope no
longer indicates how many kJ of chemical energy is contained in a gram of COD but just the
empirical mathematical relationship between COD and Eww. Based on the regression
determined in the Figure 4-1, the Eww of wastewater can be estimated via Equation 4-2 which
is the regression equation from plotting Eww of All Samples against COD .
Equation 4-2
E,w = COD x 0.0158 kJ]/mg

where COD is the chemical oxygen demand of a wastewater and is in unit of mg/L.

Fundamentally, to measure the chemical energy content of wastewater it is necessary is
calculate the product of the concentration and heating value of each energy-containing
chemical within the wastewater, and then sum the products for all such chemicals in the
wastewater. This would be particularly useful for the purposes of energy audits and decision-
making regarding selection and implementation of energy recovery technologies. Taking a
lignin-rich wastewater as an example, mechanical separation and subsequent recovery would
be a better option than anaerobic treatment which is less efficient at breaking down lignin
(Stoica et al., 2009). However, wastewater is a mixed waste and the number of individual
compounds it contains could be measurable in hundreds or thousands (Huang et al., 2010). It
is likely that the composition of the energy-containing chemicals are site-specific (Heidrich et
al., 2010). Therefore, the work required for understanding the concentration and heating value
of each energy-containing chemical would be substantial and does not tend to be practical, or
cost-effective, for a general energy audit of numerous WWTPs or for initial technical feasibility
assessment of a particular technology. But the regression equations derived as part of this
research, which are determined from various types of samples collected from four WWTPs of
varied population equivalents and locations, indicates that a reliable determination of energy

content can be derived from the COD alone, which is quickly and cost-effectively determined.

4.1.4 The impact from diurnal variation to the chemical energy in wastewater

The diurnal variation of influent wastewater quality has a direct bearing on the relationship

between Eww and COD. As shown in Figure 4-1 (F), the inclusion of spot raw sample data in
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the regression does not result in any substantial change in the relationship (i.e the slope of the
regression line) between Ewwand COD. However, Figure 4-1(E) shows that the regression plots
using spot raw water sample data only has more scatter than those regressions using composite
sample data. This research did not perform a detailed study of the variance of organic load of
the spot raw wastewater samples, but the ratio between pCOD and COD of each spot and
composite raw sample have been analyzed. Although there is no statistical difference between
the mean value of the pCOD:COD ratio of all spot raw samples compared to all the composite
raw samples (p=0.308), there is significant difference in the variance (Levene test, p>0.05)
(Minitab Inc., 2017c¢). Individual value plots of two groups of data is shown Figure 4-2. Diurnal
variability is considered to be the cause of the greater scatter in the regressions involving spot
raw analyses only, but further investigation of the exact reasons for this variation of chemical

composition is recommended.

100.0%

90.0%

80.0%

70.0%

pCOD:COD

60.0%

50.0%

30.0%
Composite Raw Samples Spot Raw Samples

Figure 4-2 Individual value plot of pCOD:COD of Composite Raw and Spot Raw

Apart from influencing the determination of relationship between Eww and COD, the diurnal
variation also impacts the chemical loading to the WWTPs. The hourly chemical energy
loading to WWTP A and WWTP C were investigated as part of this research. These plants
have population equivalents of 40,000 and 1,000,000, respectively. The hourly flow, COD and
energy loading to WWTPs A and C are shown in Figure 4-3.
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For those hourly samples for which Eww was not directly measured, it was estimated via
Equation 4-2 i.e. by multiplying the hourly flow by COD (mg/L) and by 0.0158 kJ/mg COD
(shown in Table 4-3, row 6)
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Figure 4-3 The hourly flow, COD and energy loading to the WWTP A and C

The pattern of hourly energy loading to the WWTPs is site specific. In terms of the hourly
flowrate, variation is similar for the two sites; using the ratio of maximum flow to minimum
flow as a metric, 2.0 for WWTP A and 2.4 for WWTP C. But WWTP A has a greater diurnal
variation of COD concentration, as its ration maximum to minimum COD is 7.8, while for
WWTP C it is only 2.3. This phenomenon matches the reported finding that the diurnal

variation of COD can be large in small treatment works (Raboni et al., 2013). For the hourly
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energy loading, the maximum to minimum ratio is 15.2 for WWTP A and 5.7 for WWTP C.
Hence, at smaller sites it can tentatively be concluded that there will be greater variability in

energy load.

There is an increasing need to recover energy from wastewater (Scherson and Criddle, 2014,
Wan et al., 2016). COD is not only an indicator of the Eww of municipal wastewater but also
one of the decisive factors determining the feasibility of an energy recovering technology. Stoll
et al. (2018) report that microbial fuel cells (MFCs) will only be energy neutral or energy
positive if the inflowing COD concentration is high enough and if there is high enough removal
of COD. The diurnal fluctuation of COD is therefore likely to affect the energy balance of the
MFC (Stoll et al., 2018). To recover energy effectively a successive technology should be able
to convert the COD into an energy product efficiently and be able to adapt to the diurnal
variation of both loading and types of COD. Therefore, more work should be done to
understand the diurnal fluctuations of COD and energy loading and the variation of types of

COD or energy material flows to the WWTP.

4.2 Chemical energy of sludge

4.2.1 Sludge Characteristic

Summary statistics for TS%, VS/TS%, TOC/TS%, TN/TS%, TP/TS%, and the chemical energy

content of the sludge of all four study sites are shown in Table 4-6.

To begin with the primary sludge and Surplus Activated Sludge (SAS) as secondary sludge
generated from 4 WWTPs are compared. Although the primary sludge produced in WWTP A
and WWTP D both contain SAS which gets recirculated from the final clarifiers to the primary
settlement for co-settling, there is no statistical difference (two Sample T test, p>0.05) in
chemical energy content of dried sludge (Egs, kJ/g) of primary sludge and SAS between the
four WWTPs.

WWTP B and WWTP C are both district sludge thickening and dewatering centers and have

mechanical sludge thickening and dewatering treatment comprising drum thickening and
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centrifugal dewatering. WWTP C also uses thermal treatment via CAMBI thermal hydrolysis,
and biological sludge processing using anaerobic digestion. The Egs of the sludge before and
after each sludge treatment process was studied in this research. There is no significant
difference (p>0.05) in Eg4s of the sludges before and after the mechanical and thermal-chemical
treatment. But the Egs of the sludge fed to the digester is significantly higher than the energy
content of digested sludge. The same applies to VS/TS% and TOC/TS%. Therefore, anaerobic
digestion appears to be lowering the Egs of the sludge. The mean value of the energy content
of the dried and wet sludges and TS%, VS/TS%, TOC/TS%, TN/TS% and TP/TS% of the

sludge collected are shown in Table 4-6.
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Table 4-6 The mean value (+ standard deviation) of TS%, VS/TS%, TOC/TS%, TN/TS%, TP/TS% and chemical energy content of the dried sludge and wet sludge

Type n TS% VS/TS % TOC/TS % TN/TS% TP/TS% Eas, kJ/g* Es, kJ/kg**

Primary Sludge 20 3.3+0.7 % 82.6£3.5 % 42.6+3.1 % 3.2+0.6 % 1.240.3 % 16.8+1.2 563.8+124.8
Thickened Primary Sludge 5 5.8+1.0 % 81.5£2.5 % 40.8+1.7 % 2.9+0.5 % 1.0£0.2 % 16.5+£0.9 950.2+135.6

SAS 20 0.5+0.2 % 78.2£5.1 % 31.6£2.9 % 6.2+0.5 % 2.240.8 % 16.4+1.1 72.9+31.5
Thickened SAS 10 3.9+1.2% 83.2+£1.4 % 38.5£2.6 % 6.7+£0.5 % 2.7£0.6 % 18.1+0.5 714.24226.4
Stored Sludge 10 3.6+0.7% 78.3+£6.1 % 38.9£3.3 % 4.6+£0.8 % 1.6£0.1 % 17.3+1.4 620.6+£120.9
Dewatered Stored Sludge 10 23.5¢2.0 % 82.9£1.6 % 41.342.7 % 3.7£0.4 % 1.3£0.2 % 18.2+0.5 4266.0+£367.0
THP Feed 5 15.7+1.3 % 82.0£1.0 % 39.9+0.7 % 32+1.1 % 1.8£1.1 % 18.1+£0.9 2861.0+£322.0
Digester Feed 5 10.3+0.9 % 82.2+£1.2 % 422413 % 4.1£0.5 % 1.1£0.1 % 18.6+0.8 1921.0+£212.4

Digested Sludge 5 5.3+0.4 % 67.8£1.6 % 35.5+1.1 % 8.6+1.4 % 2.140.3 % 15.6+0.7 824.0+90.1
Dewatered Digested Sludge 5 28.5£3.4 % 70.1£7.7 % 34.8+1.1 % 5.2+¢0.2 % 1.8+£0.0 % 15.2+0.3 4322.0+485.0

*: Egs 1s the acronym of chemical energy content of dried sludge

*%*: Esis the acronym of the chemical energy content of the wet sludge
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4.2.2 The relationship between solids and chemical energy content of sludge

As with the study of Eww, surrogates that could be used to reliably indicate sludge energy
content were evaluated. The weight to weight (w/w) concentration to the total solid content,
such as VS/TS%, TOC/TS%, and the weight to volume (w/v) concentration, such as the TSs,
VS, are analyzed for their relationship with the chemical energy content of the dried sludge

(Eags, kJ/g) and with the chemical energy content of wet sludge (Es, kJ/L).

In all cases the w/w concentration to the total solid content (i.e. VS/TS%, TN/TS%, etc.) had a
weak (<0.50) correlation with both Eg4s and Ews. All the w/v concentrations to the sludge (in
unit mg/L) are found with a weak correlation with the Egs, but with strong correlation (>0.89,
p<0.05) with the Es. All the w/v concentrations are found highly correlated with each other
(Spearman Rho, >0.900, p<0.05). Therefore, the w/v concentrations are selected to proceed the

best subset study. The results of the Best Subset study are shown in Table 4-7.

Table 4-7 Best regression for estimating wastewater energy

No. of Predictor r? rlaqj Parameter Required
1 99.4 99.4 TOC;
1 99.4 99.4 VS
1 98.5 98.5 TSs
1 83.4 83.2 TN;
1 80.8 80.6 TP
2 99.6 99.6 VSs, TOCs
3 99.6 99.6 TSs, VS, TOC;
4 99.6 99.6 TS;, VS, TOC;, TN, TP
5 99.6 99.6 TS;, VS, TOCs, TN,

The single variable regressions determined by each w/v concentration to sludge energy has
strong linear relationship (r*>0.80, p<0.05) with Es. The r* of the best three single variable
regressions, determined by TOC%, VS% or TS%, are nearly identical to the 1? (99.6%) of the
best model. Therefore, the single variable regression is already good enough to predict the Es.
The plot, regression line, confidence interval and prediction interval of the regression
determined by TOC;s, VSs or TS are shown in Figure 4-4. All the regression shown in Figure
4-4 considered intercept in the regression equation. The determined regression equations with
and without intercept are shown in Table 4-8. It is worth noting that the intercept is found not

statistically significant (p>0.05) in all three cases.
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Figure 4-4 Plots of E against TS, VSs and TOC; (A) Es against TS, (B) Esagainst VS, and (C) Esagainst TOC;

Table 4-8 Regression equations of regressions between Es and TS, VS and TOC, shown in Figure 4-4

Regression Equation with

intercept*

Figure 4-4 (A) 87
Figure 4-4 (B) 87
Figure 4-4 (C) 87

E=23.8+0.0170 TS, (1>=98.5%)
E=-10.5+0.0220 VS (1?=99.4%)
E=2.5+0.0437 TOC, (*=99.4%)

*: Es is in unit of kJ/L. TS, VS and TOC are in unit of mg/L.

Regression Equation without
intercept*
E=0.0171 TS; (r>=99.2%)
E=0.0219 VS, (r’=99.7%)
E=0.0438 TOC; (r*=99.7%)

Similar to the study of the chemical energy of wastewater, this research aimed to identify a

reliable empirical method to quickly estimate the energy content or loading of a sludge using

routinely analysed variables such as TS% and VS/TS%, or TSs and VS; that are interpreted
from TS% and VS/TS%. Figure 4-4 suggests that the Es can be estimated from TSs, VS and

TOC;. Using the TS; for estimation would be the simplest and quickest because both the VS

and TOC; is measured on top of the measurement of TS;.

In regression equation shown in Table 4-8, Es is in unit of kJ/L and TS5 is in unit of g/L, thus

the slope should be in unit of kJ/g TS. The slope 17.1 kJ/g TSs (in Figure 4-4 (A)) is nearly
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identical to 17.11%1.33 kJ/g which is the mean value of Egs of all the sludge sample analyzed
in this study. It is likely that the calorific value of the dried sludge, the Egs, determines the slope.
However, Egs values from literatures are substantially varied, as shown in Table 4-9. The mean
Egs values determined by Shizas and Bagley (2004) and Schaum et al. (2016) are significantly
smaller (Two Sample T Test, p<0.05) than the mean Egs found in this research. Thus, there may

be risks of errors associated with using 17.10 kJ/g TS; to evaluate the Es.

Table 4-9 Energy related characteristic of sludge reported in literature

Primary Sludge SAS Digested Sludge
Eas, VS/TS%, kl/g Eqs, VS/TS%, kl/g Eqs, VS/TS%,
kJ/g VS
kl/g % VS kl/g % VS kl/g %
Shizas and
Bagley 15.90 67.00 23.73 1240 60.00 20.66 12.70 51.00 24.90
(2004)
Schaum et
16.40 78.00 21.02  14.30 69.00 20.72  11.10 59.00 18.81
al. (2016)

By dividing the Egs with VS/TS%, kJ/g VS is obtained and illustrates how many kJ of energy
is contained in a gram of VS. There is no significant difference (Two Sample T test, p>0.05)
between the mean kJ/g VS found in this study and that found by Shizas and Bagley (2004) and
Schaum et al. (2016). Moreover, the mean value of kJ/g VS of this study is 21.48 kJ/g. It is also
nearly identical to 21.89 kJ/g VS which is the slope of the regression equation determined by
VS; (shown in Figure 4-4 (B)). Therefore, Es can be estimated from VS; using a value of 21.9
kJ/g VS and Equation 4-3.
Equation 4-3

Es = VS;x 21.9 = TS, X VS/TS% % 21.9

The major components in the sludge are the carbohydrate-lignin organic compounds, such as
cellulose, hemicellulose and lignin (Ogilvie, 1998). Considering they can be fully combusted,
their caloric values are the same as their kJ/g VS values, which are 16.5 kJ/g for cellulose, 13.9
kJ/g for hemicellulose, and 20.7 kJ/g for lignin (Kim et al., 2017). Although they are lower
than the value of 21.48 kJ/g VS, sludges also contains substances with higher caloric values
such as the grease (Ogilvie, 1998). The grease can consist of Myristic Acid, Palmitic Acid,
Stearic Acid, Oleic Acid and Linoleic Acid (Dong, 2015). Their calorific values range from 37
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to 40 klJ/g (Demirbas, 2016). Therefore, estimated Es via Equation 4-4 appears to be a

reasonable approach.

Current practice is mainly to recover energy from wastewater via anaerobic digestion of sludge.
Maximizing the sludge production from wastewater treatment is one of the measures to
improve the energy recovery and energy efficiency of a WWTP (Wan et al., 2016). Via
Equation 4-1 and 4-4, researchers and operators can quickly estimate the energy flux of a
treatment process or a treatment work using the routinely measured parameters of COD and
VS/TS%. This will help identifying potential opportunities for maximizing sludge production

and discovering potential opportunities for energy recovery.

4.2.3 The relationship between COD and chemical energy content of sludge

Although the Es can be estimated via VS;, there is still difficulty in applying modelling to
construct the chemical energy balance, since VSs is not able to predict in the modelling software

GPS-X. Thus, a relationship between the VS5 and the COD in the sludge has to be defined.

By definition, the COD of the sludge is contributed from the VS (as shown in Figure 4-5)
(Foladori et al., 2010). The VS of the sludge, which consists of both pCOD and sCOD, is
originally from the wastewater. If in the wastewater there is a strong relationship between COD
and VS, this relationship will possibly pass on to the sludge. Subsequently, the relationship of
COD and E;s can be determined.
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Figure 4-5 Physico-chemical fractionation of total COD in the sludge (Foladori et al., 2010)




The composite samples are used for this investigation since both COD and VS are measured
on them. The statistical analysis suggests that there is a strong linear relationship (n=61,

12=92.13%, p<0.05) between the two as shown in Figure 4-6.
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Figure 4-6 The relationship between COD and VS in wastewater

In the wastewater, COD (mg/L) can be estimated via VS (mg/L) via Equation 4-4
Equation 4-4
COD = —66.5 + 1.3526 VS

The study then applied Equation 4-4 to estimate the sludge COD. The estimated sludge COD
is found having a strong linear relationship (r*=99.66, p<0.05) with the sludge energy Es (kJ/L),
as shown in Figure 4-7. The regression equation determined are Es=-9.5+0.0162 COD or Es=
0.0162 COD. The slope 0.0162 falls the range of 0.0156 to 0.0171 which are the slope
determined for the COD and Eww via different sample groups (shown in Table 4-3). The
relationship between the energy content (kJ/L) and COD (mg/L) in both wastewater and sludge
are nearly identical. The implication of it is that the chemical energy balance is very likely to
be the same as the COD mass balance in the wastewater treatment and in the sludge treatment
in this four studied WWTPs. Therefore, this study will use Equation 4-2 to estimate the
wastewater and sludge energy and will use the COD mass balance to express the chemical

energy balance.
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Figure 4-7 The relationship between energy content (kJ/g) and COD in sludge

4.3 Chapter Summary

This research successfully developed a new wastewater drying method that is at least as good
as the proven method of freeze drying for retaining the energy-containing material but is a far

less time-consuming method.

Subsequently, this research conducted statistical analysis (correlation and Best Subset of
regression) to investigate the relationship between Eww and commonly analysed wastewater
variables. COD was found to be the best surrogate of energy content of wastewater. It has a
ubiquitously (across the four WWTPs) strong linear relationship (77-93%, p<0.05, excluding
the spot raw) with Eww. Therefore, an empirical equation is proposed for estimating the

wastewater energy from COD.

A similar statistical study was also conducted for understanding the relationship between Es
and the other commonly analysed sludge variables. Strong linear relationships (>85%, p<0.05)
were found between the Es and TSs, VSs or TOC;s. Empirical equations are proposed for
estimating the sludge chemical energy from the TSs and VSs. Moreover, via assuming the
wastewater and sludge share the same relationship between COD and VS, the sludge COD was
estimated. Subsequently, the relationship between chemical energy and COD in the sludge is
found similar in the wastewater. This implies that chemical energy balance of a WWTP shall

follows the COD mass balance.
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The research aims to develop a quick but reliable method of estimating wastewater energy
content using routinely analyzed variables has been fulfilled. As the energy of wastewater and
sludge can be estimated much more quickly as a consequence, an energy audit of a treatment
process or a treatment works can now be easily conducted. This will help researchers and
operators to better monitor the energy recovery performance and discover potential

opportunities for improvement in energy recovery.

Wastewater is a mixture and hence its energy source is from multiple types or groups of
chemicals. This research did not investigate the breakdown of the energy contribution from
different groups of chemicals as it was not a primary aim of the research. Nevertheless, that is
an area recommended for future research because it may help target energy recovery
technologies to specific energy containing materials that are not recovered using current

methods.
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Chapter 5 COD Mass Balance and Energy Balance of Wastewater

Treatment Plants

This chapter first presents the calibration and validation of the wastewater and sludge
modelling of four WWTPs (Section 5.1). The COD and energy balances of each process are
shown in Section 5.2. Based on these balances, in Section 5.3 there is a discussion of the
potential for energy recovery from wastewater and sludge. Section 5.4 builds four case studies
to examine how energy recovery approaches might impact on the electricity balance of a

conceptual WWTP.

5.1 Model calibration and validation

5.1.1 Wastewater and sludge treatment models

5.1.1.1 Wastewater treatment models

Wastewater treatment models were built for WWTP A, WWTP B, WWTP C, and WWTP D.
Screen shots of the models are shown in Figure 5-1 to 5-4. In each case the process, the flow
diagram represents the actual treatment units at each WWTP, with the exception of the virtual
units added for sCOD and PO4>"-P removal, the virtual unit added for controlling the biological
reaction in the settlers, and the simplication of the trickling filter process of WWTP A
(explained in Section 3.4.1.2.2).

It is worth noting that in all four WWTPs there is an sCOD decrease of 15 mg/L during primary
settlment. This is considered to be due to flocculation and subsequent settling of the sCOD
(Gernaey et al., 2001). Thus, a virtual removal unit is added to each wastewater treatment

model to ensure this sSCOD decrease is reflected in the model.

In WWTP B there is also a decrease of >1.5 mg/L PO4*-P during primary treatment. This is
thought to be due to sorption of phosphate by iron and subsequent settlement. The elevated iron
concentration is thought to be due to mining-related waters entering the WWTP (L Wilkinson,
personal communication, 29 October 2018). A virtual PO4*-P unit is added to the WWTP B

model, prior to its primary settlement, to simulate this.
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In the case of WWTPs A and D, biological sludges is recirculated back to the primary
settlement. Moreover, their activated sludge process has nitrification and potential
denitrification may occurred in final clarification. Thus, the primary settlements and final
clarifications of WWTPs A and D are biological reactive. In their model, virtual activated

sludge tanks (“Plug Flow Tank™ unit) are added to control the biological reaction.

Virtual Biological Reaction Control for Primary Settlement Virtual Biological Reaction Control for Final Clarification

Tricklii Filter Humus Tank

Raw Primary Activated Final

Wastewater Ferric Dosing Settlement Sludge Clarification
—T

Virtual sCOD

Removal

Sludge Export
L.

bt

Discharge

Figure 5-1 The wastewater treatment model of WWTP A

Virtual sCOD Removal Virtual PO4 Removal Primary Aeration Final

:J»m L=

Onsite Sludge Thickening and Dewatering

bl

Figure 5-2 The wastewater treatment model of WWTP B
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Figure 5-3 The wastewater treatment model of WWTP C
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Raw Wastewater Virtual Chemical Dosing for sCOD Removal Primary Settlement Activated Sludge Final Clarifier Discharge

:3» MWIW —

Sludge Export

=

Figure 5-4 The wastewater treatment model of WWTP D

The influent water quality data, and other input variables, used for the modelling of each of the

WWTPs are listed in Table 5-1.
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Table 5-1 The influent water quality, and other input variables, used for the modelling of each WWTP
WWTP WWTP WWTP WWTP

Parameter A B C D
Flow, m’/d 9052 49624 278954 37312
COD, mg/L 1061.4 727.1 665.0 336.6
TKN, mg/L 50.9 56.9 55.50 31.8
TP, mg/L 8.5 9.1 10.8 4.0
NH4-N, mg/L 30.1 37.7 41.8 19.9
Nitrite-N, mg/L 0.03 0.0 0.00 0.02
Nitrate-N, mg/L 0.23 0.0 0.00 0.28
PO+*-P, mg/L 3.8 7.1 6.65 1.50
VSS/TSS 0.83 0.85 0.81 0.78
Soluble inert fraction of total COD (frsi) 0.050 0.050 0.050 0.050
Readily biodegradable fraction of total COD (frss) 0.200 0.200 0.200 0.200
Particulate inert fraction of total COD (frxi) 0.130 0.130 0.130 0.130
Colloidal fraction of slowly biodegradable COD 0.014 0.148 0.075 0161
(frscol)
NH4:sTKN 0.800 0.900 0.800 0.800
N content of soluble inert material (iNSI)
, aN/gCOD 0.100 0.050 0.100 0.100
N content of inert particulate inert material (iNXI) 0.030 0.030 0.030 0.030
, gN/gCOD
P content of soluble inert material (iPSI)
, aN/gCOD 0.005 0.005 0.005 0.005
P content of inert particulate inert material (iPXI) 0.005 0.005 0.005 0.005
, gN/gCOD
TOC/COD 0.293 0.323 0.311 0.341

5.1.1.2 Sludge treatment models

Although both WWTPs B and C have sludge thickening and dewatering, because of lack of
data of the sludge thickening and dewatering of WWTP B, only the sludge dewatering of
WWTP C has been modelled. The sludge thickening and dewatering prior to digestion is built
on the wastewater treatment model of WWTP C (Figure 5-3). It is worth noting that 300 m*® of

pure water is virtually added to the raw sludge tank in order to make up the flow of the raw
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sludge to approximately 2,300 m® that matches the historical data. The anaerobic digestion

model is built separately. The sludge treatment models are shown in Figure 5-5 and 5-6.

Raw

Virtual sCOD Primary Activated Final
Wastewater

Removal Settlement Sludge Clarification Discharge

H

Primary Sludge
Filtrate Returned
Primary Sludge Primary Sludge to Head of the
Storage Tank Drum Thickener Work
Raw Sludge

EW —
Centrate

Returned to

Virtual Raw Sludge Raw Sludge Head of the
Water Input Storage Tank Centrifuge Work

j: I M I

SAS Filtrate

Returned to
SAS Drum Head of the
Thickener Work

SAS
Storage
Tank

Imported Virtual Imported
Sludge Storage Tank

Sludge sent to Digestion

o=

Figure 5-5 The model of WWTP C’s wastewater treatment and sludge thickening and dewatering prior to

anaerobic digestion

Digester Feed Digester DS Tank DS Centrifuge Centrate returned to head of the wastewater treatment

Figure 5-6 The model of WWTP C’s anaerobic digestion and the subsequent sludge dewatering

5.1.2 Calibration and validation of the wastewater treatment models

5.1.2.1 Calibration of the wastewater treatment models
In all four WWTPs the aerobic heterotrophic yield on soluble substrate always ranks in the top
three. That is because it is influential to variety of the targeted variables and the the most

important ones found in this study are the flow of SAS, sCOD, PO4*-P concentration. This
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phenomenon has been identified in previous studies (Cosenza et al., 2014, Sin et al., 2011,

Mannina et al., 2011).

The settling parameters of the primary settlers and final clarification are classified as influential.
That is because the settling parameters of the primary settler control quantity of slowly
biodegradable flows to the activated sludge process and the parameters of the final clarification

control the concentration of the pCOD.

Maximum growth rate for ammonia oxidizer and ammonia oxidizer aerobic decay rate were
found to be influential to ammonium content of the final effluent (Sin et al., 2011, Cosenza et
al., 2014). The modelling of WWTP A, B and D agrees this phenomenon, but not for WWTP
C. The reason is that the HRT of WWTP C’s activated sludge process is too short to allow
ammonium oxidation to happen. Because nitrification occurs in WWTPs A and D, some of the
nitrification and denitrification related parameters are found to be influential in these two

WWTPs.

However, the parameters controlling phosphate removal by phosphate accumulating organism
(PAOs)re rarely ranked in the top 20 or 30. That is because none of the WWTPs have an
anaerobic or anoxic section in their activated sludge process (Tchobanoglous et al., 2003).

Phosphate removal by PAO therefore rarely happens.

The most important parameters of influent fraction, kinetic and stoichiometric that influence
the modelling results, and are therefore subject to adjustment in the model for each WWTP, are
listed in the Tables D-1 to D-4 in Appendix D. The table also presents the 6% (that indicates
the influence of the parameter to the entire model), the adjusted value, the order of adjustment,

and the category each adjusted parameter belongs to.
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5.1.2.2 Validation of wastewater treatment models
For the wastewater treatment modelling, the ARD between the predicted results and the
observed results of WWTPs are:

e WWTPA:28.1%

e WWTPB: 11.3%

e WWTPC: 3.9%

e WWTPB: 13.8%

The high ARD of WWTP A is due to the predicted NH4"-N concentration (0.88 mg/L) is 338%
greater than the observed NH4"-N concentration (0.22 mg/L). However, Rieger et al. (2012)
suggested that it is allowable to have a 1 mg/L difference between the predicted result and the
observed result when the concentration is low. In this case, the observed and predicted NH4"-
N concentration is lower than 1 mg/L and the difference between the two is only 0.68 mg/L
which is smaller than the allowable difference. If the NH4"-N concentration is excluded, the
ARD of WWTP A becomes 10.8%. Then, the ARD of the modelling of all four WWTPs are

then no greater than 15%. As shown in Figure 5-7, the observed results well match the model

predictions.
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Figure 5-7 Comparison between the observed results and predicted results of the modelling of four WWTPs

(A)WWTP A,(B) WWTP B, (C)WWTP C and (D) WWTP D
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Hence, the model constructed for the wastewater treatment plants is considered representative
of the actual performance and the material mass balance of the WWTPs. The predicted flowrate
and concentrations are therefore used in the mass and energy balance calculations for the

WWTPs in this chapter and in Chapter 6.

The observed and predicted result of the wastewater modelling are shown in Table E-1 in

Appendix E.

5.1.3 Calibration and validation of the sludge treatment models

5.1.3.1 Calibration of the sludge treatment models prior to anaerobic digestion

In the sludge storage, thickening and dewatering prior to the digestion, the following factors
are found to be most influential on the biological reactions of the sludge storage tank: yield of
fermentative biomass, aerobic heterotrophic decay rate, anaerobic reduction factor for decay
rate (in Heterotrophic Biomass section of the biological model), hydrolysis rate constant for xs,
saturation coefficient for particulate COD, anaerobic reduction factor for decay rate (in
Heterotrophic Biomass section of the biological model). These factors are influential because
the majority of the reactive biomass within the sludge is heterotrophic biomass. They affect the
solubilization of the particulate substrate and ultimately impact the soluble component of

sCOD, ammonium and phosphate of the filtrate and centrate.

For the thickening and dewatering, the parameter fraction of influent flow of the sludge
thickening and dewatering is always found to be influential as it affects the TS content of the
thickened or dewatered sludge. The removal efficiency of slowly biodegradable substrate, inert
particulate material and heterotrophic biomass (particularly in the SAS thickening) are found
to be influential on the modelling results, especially to the pCOD content in the filtrate and
centrate. The removal efficiency of nitrogen in slowly biodegradable substrate and phosphorus
in slowly biodegradable substrate mainly impacts on the TP and TN content of the thickened
and dewatered sludge and the TKN content of the filtrate and centrate.

The parameters of kinetic and stoichiometric parameters that influence the biological modelling

results of the sludge storage and sludge thickening and dewatering processes prior to digestion,
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and are therefore subject to adjustment in the model for each WWTP, are listed in the Tables
D-5 to D-7 in Appendix D. The table also presents the adjusted value and the category those

adjusted parameter belongs to.

5.1.3.2 Calibration of the sludge treatment models of anaerobic digestion and the subsequent
sludge dewatering

In the modelling of the anaerobic digestion and its subsequent dewatering, the particulate inert
fraction of total COD and yield of fermentative biomass is found to be influential on the extent
of the digestion and the volume of biogas produced. The C content of inert particulate material
and of the slowly biodegradable substrate are influential to the ratio of CO2 and CHy in the
biogas (Hydromantis, 2015).

For the digested sludge centrate, N and P content of the inert particulate material influences the
amount of N and P in the particulate biodegradable substrate which can be digested and release
ammonium and phosphate. Therefore, these two fractions are influential to the ammonium and
phosphate content of the centrate. The fraction of inert COD during slow biodegradable organic
hydrolysis affects the production of inert sCOD and influences the sCOD concentration in the

centrate.

Like sludge dewatering, the fraction of influent flow and removal efficiency of particulate inert
material of the sludge dewatering unit are influential the solids content of the dewatered sludge
and the pCOD concentration of the filtrate and centrate. Unlike the sludge thickening and
dewatering prior to digestion, the wet digested sludge is rich in unbiodegradable cells and
biomass related to the digestion process but has limited heterotrophic biomass or slowly
biodegradable substrate (since it has been digested), as shown in Table 5-2. Therefore, the
removal efficiency of the unbiodegradable cell product, fermentative biomass, acetogenic
biomass, acetolactic methanogenic biomass, and hydrogenotrophic methanogenic biomass also

influences the particulate content of filtrate and centrate.
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Table 5-2 The predicted different type of CODs of the feed sludge to different sludge thickening and dewatering

Total COD, mg/L

Particulate inert material, mg/COD
Unbiodegradable cell product, mg/COD
Slowly biodegradable substrate, mg/COD
Heterotrophic biomass, mg/COD

Fermenting biomass, mg/COD

Acetongenic biomass, mg/COD

Acetoclastic methanogenic biomass, mg/COD

Feed Sludge

Hydrogenotrophic methanogenic biomass, mg/COD

of primary
sludge
drum

thickening

37490.0
7694.0
669.1
26210.0
255.2
0.0
0.0
0.0
0.0

Feed

Sludge of
SAS drum
thickening

6948.0
1830.0
81.5
1306.0
3683.0
0.0
0.0
0.0
0.0

Feed Feed
Sludge of  Sludge of
raw digested
sludge sludge
centrifuge centrifuge
46870.0 40830.0
12720.0 23810.0
1408.0 3072.0
23060.0 28.3
3443.0 0.0
0.0 7406.0
37.9 14.7
0.0 1433.0
139.1 1073.0

The parameter of influent fraction (of digester feed sludge), kinetic and stoichiometric

parameters that influence the biological modelling results of the sludge storage, sludge

thickening and dewatering processes and the anaerobic digestion, and are therefore subject to

adjustment in the model for each WWTP, are listed in the Tables D-8 in Appendix D. The table

also presents the adjusted value and the category those adjusted parameter belongs to.

5.1.3.3 Validation of the sludge treatment models

For the sludge treatment modelling, the ARD between the predicted result and the observed

results are also no higher than the allowable value of 15.0%. The ARDs of the various treatment

stages are as follows:

primary sludge thickening: 7.4%
SAS thickening: 12.1%

raw sludge dewatering: 5.2%

anaerobic digestion and the subsequent digested sludge dewatering: 5.2%

As can be seen in Figure 5-8, the observed results match the model predictions well.
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Figure 5-8 Comparison between the observed results and predicted results of the modelling of sludge treatment
(A) Primary sludge thickening, (B)Raw sludge dewatering, (C) SAS thickening, and (D) Anaerobic digestion
and digested sludge dewatering

Hence, the models constructed for modelling the sludge treatment including thickening,
dewatering and anaerobic digestion are considered representative of the actual performance
and the material mass balance of the WWTPs. The predicted flowrate and concentrations are
therefore used in the mass and energy balance calculations of the sludge treatment in this

chapter and Chapter 6.

The observed and predicted result of the sludge treatment modelling are shown in Table E-2 in

Appendix E.
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5.2 The COD mass balance and chemical energy balance of treatment processes

5.2.1 The COD mass balance and chemical energy balance of primary settlement units

The flow and concentration data predicted via modelling were used in the construction of the

COD mass balance and chemical energy balances of primary settlement units.

In the four study WWTPs, the chemical energy of both wastewater and sludge have strong
linear relationships with COD (stated in Section 4.1.3 and 4.2.3). Therefore, the chemical
energy of the wastewater and sludge are estimated from the predicted COD (from modelling)

via Equation 4-2 (shown in Section 4.1.3).

In the case of WWTP A and D, which have reactive settlers, the outflowing COD mass and
chemical energy within the sludge and effluent wastewater is >1% smaller than the inflowing
COD mass and chemical energy. The missing COD and chemical energy are considered as loss
and are considered being caused by the biological reactions. However, the loss is less than 1%
Therefore even though biological sludge is recirculated back to the primary settlement tanks,
the COD loss caused by the biological reactions can be ignored. In the case of WWTPs B and
C, which have no biological sludge is recirculated back to the primary settlement tanks, the
outflowing COD mass and chemical energy within the sludge and effluent wastewater equals

the inflowing.

The COD mass and the chemical energy flows through the primary settlement units of all four
treatment plants can be balanced Hence, the COD mass and the chemical energy balances are
considered reliable. The COD mass balance and the chemical energy balance of the primary
settlement units of all four WWTPs are shown in Figure 5-9. In Figure 5-9, the C.E. presented

stands for chemical energy.
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WWTP A

WWTP B

Influent - Effluent Influent . Effluent
€OD:100% Primary COD:38.4% | COD:100% Primary COD:52.6%
(9.61 tonnes) Settlement (3.69 tonnes) | (36.1 tonnes) Settlement (19.0 tonnes)
C.E.:100% C.E.:38.4% C.E.:100% C.E.:52.6%
(42.2 MWh) (16.2 MWh) | (158.4 MWh) (83.3 MWh)
Sludge Sludge
COD:61.1% COD:47.4%

(5.87 tonnes) (17.1 tonnes)

C.E.:61.1% C.E.:47.4%

(25.8 MWh) (75.1 MWh)

WWTP C WWTP D
Influent . Effluent Influent . Effluent
COD:100% Primary COD:68.4% | COD:100% Primary COD:54.3%
(185.5 tonnes Settlement (126.9 tonnes)| (12.6 tonnes) Settlement (6.8 tonnes)
C.E.:100% C.E.:68.4% C.E.:100% C.E.:54.3%
(814.2 MWh) (557.1 MWh) | (55.1 MWh) (29.9 MWh)
Sludge Sludge

COD:31.6% COD:45.1%

(58.6 tonnes) (5.7 tonnes)

C.E.:31.6% C.E.:45.1%

(257.1 MWh) (24.9 MWh)

Figure 5-9 The COD mass and chemical energy balances of primary settlement in a daily basis at the four

Typically COD removal efficiencies for primary settlement tanks are approximately 30-40 %,
with the remaining 60-70% of COD flowing to secondary treatment units (Wan et al., 2016,
Shi, 2011, Yeshi et al., 2013). The COD removal efficiencies of WWTPs B, C and D are similar
to this typical value. However, WWTP A removes about 60% of the COD in the primary
settlement process. This is probably because WWTP A doses ferric sulfate to its screened raw
wastewater. Although the ferric dosing solely aims to remove the phosphate (personal
communication, ] McCowan, Scottish Water, April 2016), it may improve the sedimentation of
colloidal or particular matter and therefore potentially settles a greater proportion of COD from

the raw wastewater into the primary sludge (Ismail et al., 2012, Tchobanoglous et al., 2003).

As shown in Table 5-3, a higher pCOD removal leads to a higher COD removal. However,
there do not appear to be any relationships between the hydraulic retention time (HRT), the
ratio of pCOD:COD, the COD, sCOD or pCOD concentration and the efficiency of COD
removal in the primary tanks (shown in Figures 5-10 and 5-11), though this is based on rather

limited data and would therefore need further investigation.

WWTPs investigated
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Table 5-3 The predicted influent and effluent CODs concertation and the CODs removal efficiency of primary
settlement in four WWTPs

WWTP A WWTP B WWTPC WWTP D

pCOD in raw wastewater, mg/L 786.8 478.4 467.7 218.9
pCOD in primary effluent, mg/L 206.4 197.8 276.9 92.9

pCOD removal efficiency* 73.8% 58.7% 40.8% 57.5%
sCOD in raw wastewater, mg/L 274.6 248.7 197.3 117.7
sCOD in primary effluent, mg/L 200.1 187.4 180.7 87.1

sCOD removal efficiency* 27.1% 24.6% 8.4% 26.0%
COD removal efficiency* 61.7% 47.0% 31.2% 46.5%

*: Removal efficiency = (Influent Concentration — Effluent Concentration) + Influent Concentration
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Figure 5-10 The impact of CODs concentration and fractions to the percentage COD captured in primary sludge
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Figure 5-11 The impact of HRT to the percentage COD captured in primary sludge
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In summary, for the four WWTPs investigated in this study, primary settlement captured 46.3
+ 12.1% of influent COD and chemical energy in the primary sludge, with the remainder

flowing to the secondary treatment processes.

5.2.2 The COD mass balance and chemical energy balance of secondary biological treatment

(activated sludge)

The flow and concentration data predicted via modelling were used in the construction of the
COD mass balance and chemical energy balances of secondary biological treatment as
activated sludge. The chemical energy of the wastewater and sludge are estimated from the

predicted COD (from modelling) via Equation 4-2 (shown in Section 4.1.3).

In the four study WWTPs, the COD mass and chemical energy within the effluent sludge and
wastewater flows into activated sludge process is substantially smaller than the inflowing COD
mass and chemical energy. Considering the activated sludge can remove organic matter via
oxidation (Tchobanoglous et al., 2003), the missing COD mass and chemical energy is due to

the organic carbon being oxidized to CO> as gaseous product and emitted to the atmosphere.

In the case of WWTPs B and C, which do not have biological reactive final clarification, the
outflowing and inflowing COD mass and chemical energy of the final clarification balances.
But in the case of WWTPs A and D, which have biological reactive final clarification, the
outflowing COD mass and chemical energy within the effluent sludge and wastewater flows
into final clarification is 1-2% smaller than the inflowing. The possible reason for this is that
some of the COD may be consumed by denitrification occurring in the final clarifiers (Yeshi et
al., 2013, Tchobanoglous et al., 2003). Considering the loss of COD mass and chemical energy
in the final clarifier is small, the activated sludge process and the final clarification process are
combined for the calculation of mass and energy balance. The COD mass balance and chemical
energy balances for the four WWTPs are shown in Figure 5-12. In Figure 5-12, the C.E.

presented stands for chemical energy.
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WWTP A Gas/Loss WWTP B Gas/Loss

COD:51.3% COD:23.0%

(1.6 tonnes) (4.4 tonnes)
C.E.:51.3% C.E.:23.0%

(6.9 MWh) (19.2 MWh)

Influent Activated Effluent Influent Activated Effluent
COD:100% sludee COD:9.4% COD:100% sludee COD:9.6%
(3.1 tonnes) g (0.3 tonnes) | (19.0 tonnes) 4 (1.8 tonnes)
C.E.:100% * C.E.:9.4% C.E.:100% 2 C.E.:9.6%

(13.5 MWh) Secondary (1.3 MWh) | (83.2 MWh) Secondary (7.9 MWh)
Clarification Clarification

Sludge Sludge
COD:39.3% COD:67.4%
(1.2 tonnes) (12.8 tonnes)
C.E.:39.3% C.E.:67.4%
(5.3 MWh) (56.1 MWh)
WWTP C Gas/Loss WWTP D Gas/Loss
COD:46.0% COD:48.4%
(58.5 tonnes) (3.3 tonnes)
C.E.:46.0% C.E.:48.4%

(256.6 MWh)

(14.5 MWh)

Influent Activated Effluent Influent Activated Effluent
COD:100% sludge COD:19.8% | COD:100% Sludge COD:15.0%
(126.9 (25.0 tonnes) | (6.8 tonnes) (1.0 tonnes)
tonnes) + C.E.:19.8% C.E.:100% + C.E.:15.0%
C.E.:100% Secondary (110.2 MWh) | (29.9 MWh) Secondary (4.4 MWh)
(557:1MWh) Clarification Clarification

Sludge Sludge
COD:34.2% COD:36.6%
(43.4 tonnes) (2.5 tonnes)
C.E.:34.2% C.E.:36.6%
(190.3 MWh) (11.0MWh)

Figure 5-12 The COD mass and chemical energy balances of activated sludge in a daily basis at the four

WWTPs investigated

Nowak et al. (1999) suggested that 25.0 - 60.0 % of the COD removed was stored in new
growth biomass, and the rest was lost as CO». Hence, the ratio of COD in surplus activated
sludge (SAS, displays as sludge in Figure 5-12) and COD lost as CO> was in the range 0.33
(25%:75%) to 1.50 (60%:40%). From the data shown in Figure 5-12, the calculated ratios of
WWTPs A (1.30), B (0.34), C (1.35) and D (1.32) fall in this range. One possible reason for
this high ratio in WWTP B was that both biomass assimilation and bio-flocculation participated
in capturing the COD into the SAS (Jimenez et al., 2015). The bio-flocculation captures the

COD without oxidizing it and can be enhanced via iron dosing (Jimenez et al., 2015). The raw

111



wastewater of WWTP B possibly has a high iron content because the part of the wastewater
could be from the runoff from abandoned metal mine (personal communication, L Wilkinson,
Northumbrian Water, 29 October 2018). Hence, it is possible that unexpected bio-flocculation
took place in WWTP B.

In summary, this study finds that activated sludge captures 44.4 + 15.5% of influent COD and
chemical energy in the SAS. Simultaneously, 42.2 + 13.0% of the influent COD and chemical
energy is lost, potentially as CO,. The remaining 13.7+ 5.4% will leave the treatment works as

final effluent if there is no tertiary treatment.

5.2.3 The COD mass balance and chemical energy balance of sludge thickening and
dewatering facilities

The flow and concentration data predicted via modelling were used in the construction of the

COD mass balance and chemical energy balances of sludge thickening and dewatering facilities.

The TSS, VSS, COD mass balance and chemical energy balance are constructed for all four
sludge thickening and dewatering processes of WWTP C. All the mass flows are balanced, as
shown in Figure 5-13. In Figure 5-13, the C.E. presented stands for chemical energy.

Wet Sludge Filtrate Wet Sludge Filtrate
TSS:100% TSS5:10.4% TSS:100% TSS:20.2%
VSS:100% VSS:9.1% VSS:100% VSS:19.6%
COD:100% COD:11.7% COD:100% COD:20.6%

(90.1 tonnes) (10.5 tonnes) | (43.4 tonnes) (8.9 tonnes)
C.E.:100% C.E.:11.7% C.E.:100% C.E.:20.6%
(395.5 MWh) (46.3 MWh) | (190.2 MWh) (39.3 MWh)

Thickened Sludge Thickened Sludge
TSS:89.6% TSS:79.8%
VSS:90.9% VSS:80.4%
COD:88.3% COD:79.4%
(79.6 tonnes) (34.5 tonnes)
C.E.:88.3% C.E.:79.4%
(349.2 MWh) (150.9 MWh)

Wet Sludge Centrate Wet Sludge Centrate
TSS:100% TSS:13.4% TSS:100% = TSS:13.9%
VS5:100% Raw VS5:9.6% VSS:100% Digested VSS:6.5%
COD:100% Centrifuge COD:19.2% COD:100% Centrifuge COD:13.7%

(108.1 tonnes) (20.7 tonnes) | (35.8 tonnes) (4.9 tonnes)
C.E.:100% C.E.:19.2% C.E.:100% C.E.:13.7%
(474.6 MWh) (91.2 MWh) | (157.0 MWh) (21.5 MWh)
Dewatered Sludge Dewatered Sludge
TSS:86.6% TSS:86.1%
VSS:90.4% VSS:93.5%
COD:80.8% COD:86.3%
(87.4 tonnes) (30.9 tonnes)
C.E.:80.8% C.E.:86.3%
(383.4 MWh) (135.5 MWh)

Figure 5-13 The TSS, VSS, COD mass balances and chemical energy balance of the sludge thickening and

dewatering processes in WWTP C
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TS and VS were measured in the sampling campaign, but not the TSS and VSS. Here, the
predicted TSS and VSS are used as reference values to demonstrate the distribution of the

particulate material.

In GPS-X, VSS contributes to pCOD (Hydromantis, 2017). As shown in Figure 5-4, in the
thickening of primary sludge and SAS, the distribution pattern of the VSS and COD are in
good agreement. But in the raw sludge and digested sludge dewatering, the percentage of the
total COD in the centrate of the raw centrifuge and the digested centrifuge is substantially
greater than the percentage of total VSS. That is likely due to the large proportion of COD in
centrate present as sCOD (as shown in Table 5-4). The sCOD is produced from the
solubilization of the particulate materials due to the hydrolysis and fermentation after long
storage times or digestion prior to the sludge dewatering (Tchobanoglous et al., 2003, Ubay-
Cokgor et al., 2005). In the case of primary sludge thickening and raw sludge dewatering,
although similar percentages of the VSS ends in the filtrate or centrate, because the raw sludge
contains more sCOD, a greater percentage of the COD ends in the raw sludge centrate than in

the primary sludge filtrate.

Table 5-4 The predicted sCOD and COD concentration in different filtrates and centrates

sCOD, mg/L COD, mg/L sCOD:COD
Primary Sludge Filtrate 2661.9 9777.2 27.2%
SAS Filtrate 47.8 1603.0 3.0%
Raw Sludge Centrate 6027.2 10536.7 57.2%
Digested Sludge Centrate 4059.1 6722.3 60.4%

The thickening of primary sludge, SAS and the dewatering of raw sludge take place before
digestion. Although approximately 80% or more of COD and chemical energy is captured in
the thickened and dewatered sludge, since part of the COD and chemical energy ends in the
filtrates or centrates, it suggests that not all the COD and chemical energy captured in the
primary sludge and secondary sludge will reach the digester. Therefore, sludge thickening and

dewatering appears to reduce the chemical energy input to the digester.
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5.2.4 The COD mass balance and chemical energy balance of anaerobic digestion

The flow and concentration data predicted via modelling were used in the construction of the

COD mass balance and chemical energy balances of anaerobic digestion.

The percentage difference between the inflowing and outflowing COD and chemical energy
balances is no greater than + 7.0% (Figure 5-14). Therefore, both the COD mass balance and
chemical energy balances appear to be reliable. However, unlike in the as the primary
settlement (Section 5.2.1), activated sludge (Section 5.2.2) and sludge thickening and
dewatering (Section 5.2.3), the chemical energy balance no longer fully follows the COD

balance as the percentage of chemical energy in the biogas is less than the percentage of COD.

Gas
COD:62.6%
(62.1 tonnes)
C.E.:.56.2%
(244.5 MWh)

Digester . Digested
Feed Anaerobic Sludge
COD:100% . . COD:37.4%
(99.1 tonnes) Digestion (37.0 tonnes)
C.E.:100% C.E.:37.4%
(435.0 MWh) (162.5 MWh)

(C.E. stands for chemical energy.)

Figure 5-14 The COD and chemical energy balance of anaerobic digestion in WWTP C

The chemical energy balance suggests that 56.2 % of the chemical energy in the sludge is
recovered as CH4. Mills et al. (2014) suggested that a typical advanced AD (AAD) process is
able to recover 51.0 % of the sludge energy into CH4, and Barber (2016) reported a figure of
60.0 %. The findings of this study therefore approximately match these literature values.

In this study, the outflowing chemical energy within the bio-methane and in the digested sludge
is 6.4% less than the inflowing. Mills et al. (2014) suggested a similar pattern: the outflowing
chemical energy within the bio-methane and in the digested sludge is 5.2% less than the
inflowing. In theory, the chemical energy loss during the anaerobic digestion is possible. This
thesis uses glucose (C¢Hi206) as an example (shown in Example 5-1) to demonstrate this

phenomenon in theory.
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Example 5-1
CeH1206=3CH4 + 3CO»

CsH1206(s) + 602(g) = 6CO2(g) + 6H20(1q)

-1281 0 -393.51x6  -285.83%6 AH=-2,804.04 kJ/mol

3CHa(g) + 601(g) = 3COx(g) + 6H20(1q)

-74.81x3 0 -393.51x3  -285.83x6 AH=-2,671.08 kJ/mol

As shown in Example 5-1

e The complete anaerobic digestion of 1 mole of C¢H120¢ produces 3 moles of CH4 and
3 moles of CO». A complete oxidation of 1 mole of C¢H1206 and 3 moles of CHs4
consumes the same amount of oxygen (O>).

e Based on the enthalpy calculation, although 3 moles of CH4 has the same amount of
COD as 1 mole of CsH120g¢, the heat release from the combustion (A.H) of 3 moles of
CHa4is only 2,671.08 + 2,804,04 = 95.2% of the heat released from the combustion of
1 mole of C¢H120g.

The result found in study (shown in Figure 5-14) and reported by Mills et al. (2014) agrees
with the theory.
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5.3 Energy recovery opportunities based on WWTP mass balances

5.3.1 Energy product of wastewater treatment

Based on the results presented in Sections 5.2.1 and 5.2.2, the COD and chemical energy mass

balances are shown in Figure 5-15.

Loss Loss
COD:19.7% COD:12.1%
(1.9 tonnes) (4.4 tonnes)
C.E.:19.7% C.E.:12.1%
(8.3 MWh) (19.2 MWh)

Influent Effluent Influent Effluent
COD:100% COD:3.5% | COD:100% €OD:5.0%
(9.6 tonnes) (0.3 tonnes) | (36.1 tonnes) (1.8 tonnes)
C.E.:100% C.E.:3.5% C.E.:100% C.E.:5.0%
(42.2 MWh) (1.5 MWh) | (158.4 MWh) (8.0 MWh)
Sludge Sludge
(7.4 tonnes) (29.9 tonnes)

C.E.:76.8% C.E.:82.9%

Loss Loss
COD:31.5% COD:26.9%

(58.5 tonnes) (3.4 tonnes)

C.E.:31.5% C.E.:26.9%

(256.6 MWh) (14.8 MWh)

Influent Effluent Influent Effluent
COD:100% COD:13.5% COD:100% COD:8.1%
(185.5 tonnes) (25.1 tonnes) | (12.6 tonnes) (1.0 tonnes)
C.E.:100% C.E.:13.5% C.E.:100% C.E.:8.1%
(814.2 MWh) (110.3 MWh) | (55.1 MWh) (4.5 MWh)
Sludge Sludge
COD:55.0% COD:65.0%

(101.9 tonnes) (8.2 tonnes)

C.E.:55.0% C.E.:65.0%

(447.3 MWh) (35.8 MWh)

Figure 5-15 The COD and chemical energy mass balance of the four WWTPs investigated

WWTPs can be considered as reactors that convert their feedstock, the energetic raw
wastewater, into three outputs: (1) sludge, (2) treated wastewater as final effluent, and (3)
gaseous emissions. From an energy recovery perspective, not every output can be considered
as a product. What is critical is whether the output contains considerable amounts of chemical

energy and whether there is potential to recover it.
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As shown in Figure 5-15, apart from WWTP C no more than 15.0% the COD and chemical
energy flowing into the WWTPs is present in the final effluent. Meanwhile, the COD
concentration of the final effluents are lower than 100 mg/L, which is too low for energy self-
sufficient recovery, i.e. the energy consumption for energy recovery would be greater than the
value of the energy recovered(Stoll et al., 2018). The final effluent is not therefore considered
to be a potential product at any of the WWTPs. The gas produced from the energetic organic
carbon is mainly CO; which contains no chemical energy, and hence it is not a product neither
(Tchobanoglous et al., 2003). In these four WWTPs, 31.2 + 14.5% of COD and chemical
energy flowing into the works is lost via a combination of oxidation in the aerobic activated

sludge process and final effluent discharge.

In current practice energy recovery from wastewater is commonly achieved via anaerobic
digestion of sludge (Pearce et al., 2014), in which case sludge is the only energy product.
However, the energy cannot be produced directly from the sludge. Rather, it is an intermediate
product, in the same way that gasoline can be combusted for producing heat or to drive a vehicle.
In the four study WWTPs, 68.6 + 14.4% of COD and chemical energy flowing into the works

is captured in the sludge and sent for digestion.

5.3.2 Energy product of sludge treatment

In the four WWTPs investigated only WWTP C has anaerobic digestion onsite for energy
recovery from sludge. Therefore, the sludge treatment of WWTP C is used here for illustrative
purposes. Sludge treatment can be considered as a reactor. Its feedstock is the sludge, and the
outputs are the biogas, filtrates, centrates and digested cake. The COD mass and chemical
energy balance are constructed based on the predicted result obtained via modelling and are as
shown in Figure 5-16. As can be seen, the outflowing COD and chemical energy to the sludge
is smaller than the inflowing. The loss of COD and chemical energy during the sludge treatment

is likely due to the biological reactions occurred in the sludge storage and digestion.
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— | —— PRODUCT
Filtrate and Centrate

Primary Sludge Primary sludge and SAS filtrate:
and SAS ' COD: 10.5% (13.4%)
Thickening Chemical Energy : 10.5%(13.4%)

Indigenous Sludge

COD: 54.9% (70.2%)

Chemical Energy:
54.9% (70.2%)

Raw sludge Centrate:
COD: 11.2% (14.3%)
Chemical Energy: 11.2% (14.3%)

Raw Sludge

Dewatering Digested sludge Centrate:

COD: 2.6% (3.4%)
Chemical Energy: 2.6% (3.4%)

Imported Sludge

COD: 17.0% (21.7%)
Chemical Energy:
17.0%(21.7%)

Anaerobic
Digestion

COD: 34.2% (43.7%)
Chemical Energy: 30.0% (38.4%)

Imported
Dewatered Sludge
COD: 6.3% (8.1%) Digested
Chemical Energy: Sludge

6.3% (8.1%) Dewatering

Dewatered Digested Sludge
COD: 16.6% (21.3%)
Chemical Energy: 16.6% (21.3%)

Figure 5-16 The COD and chemical energy balance of the sludge treatment in WWTP C
(The value shows in the () are the percentage mass balance using the total COD and chemical energy inputted to

the sludge treatment as reference)

As shown in Figure 5-16, WWTP C treats the indigenous sludge and also the imported wet

sludge and imported dewatered sludge. The imported sludge contains the equivalent of 17.0.0%

of the inflowing COD and chemical energy to the works. Meanwhile, the imported dewatered

sludge contains the equivalent of 6.3% of the inflowing COD and chemical energy to the works.

Unlike the wastewater treatment, the sludge treatment distributes its influent COD and

chemical energy to its three outputs more evenly:

e 21.3 % of the sludge COD and sludge chemical energy ends in the dewatered digested
sludge

e 31.1% of the sludge COD and sludge chemical energy is retained in the filtrates and
centrates

e 43.7% of the sludge COD and 38.4% of the sludge chemical energy is recovered as CHa.

Although dewatered digested sludge, filtrates and centrates contain considerable amounts of
chemical energy, they are not available for direct energy use. Currently, at WWTP C, the
filtrates and centrates are recirculated back to the head of the works, and the dewatered digested

cake is sent for agricultural land use (personal communication, L Wilkinson, Northumbrian
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Water, October 2015). Therefore, CHs is the only energy product of the combined wastewater
and sludge treatment. It is worth noting that the percentage sludge COD retained in the filtrates
and centrates are substantially greater that the value reported by Shi (2011) (17.1%) and Wett
et al. (2007) (2.4%).

As shown in the Figure 5-16, the COD and energy outputs do not equal the inputs. That is
because part of the COD and chemical energy is lost during sludge storage and digestion but is

not accounted for in Figure 5-16.

5.3.3 Energy recovery potential from wastewater

5.3.3.1 Chemical energy recovery potential of wastewater
If the wastewater treatment and sludge treatment are considered as two reactors in sequence,
the chemical energy that could potentially be generated (Ecgcen) from 1 m? of wastewater can

be empirically estimated by Equation 5-1.
Equation 5-1

Ececen = Eww X Nspww X Ncefs

Where E,,,, is the chemical energy content of 1 m® of wastewater and can be estimated via
multiplying its COD concentration by 0.0158 kJ/mg COD (0.0044 kWh/g COD),
Nssww 1s the percentage of the chemical energy flowing into the works that is captured
in the indigenous sludge, and
Nceys 18 the percentage of the sludge chemical energy recovered in the energy product

from the sludge treatment.

Nceys 18 affected by the two factors;
1. the percentage of sludge chemical energy that could reach the digester after several
stages of thickening and dewatering (1¢g-p)
2. the energy recovery efficiency of the digester (7¢grp). Ncprs can be expressed as
Equation 5-2.
Equation 5-2

Ncefs = Ncerp X NcEfD
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Because WWTPs A, B and D has no sludge digestion, and hence these WWTPs has no studied
Necerp and Negsp. In the estimation of the Ecegen from the raw wastewater of WWTPs A, B and
D, the universal values of n¢grp and n¢gyp are used based on the chemical energy balance of
the sludge treatment WWTP C. As shown in Figure 5-16, 91.9 units of sludge energy are first
fed to the sludge treatment, but after several stages of thickening and dewatering only 60.2
units reaches the AAD. The n¢g,p is 65.5%. After 8.1 units of sludge energy from the imported
dewatered sludge is added, the AAD receives 68.3 units of sludge energy and generates CHa,
which is equivalent to 38.4 units of sludge energy. Thus, the 1¢gsp is 56.2%. The Ecegen values
of all four WWTPs are estimated from the COD concentration of the raw wastewater (shown

in Table 5-1) via Equation 5-1 and listed in Table 5-5.

Table 5-5 The estimated chemical energy production potential from the four study WWTPs

COD, mg/L Eww, KkWh/m? Nsfww** EckGen, KWh/m? EceGen:Eww
WWTP A 1061.4 4.66 76.8% 1.32 28.3%
WWTPB 727.1 3.19 82.9% 0.97 30.5%
WWTP C 665.0 2.92 54.9% 0.59 20.2%
WWTPD 336.6 1.48 65.0% 0.35 23.9%

*: The percentage chemical energy capture in the sludge shown in Figure 5-15

As shown in Table 5-5, both the COD of the raw wastewater and the 157y, influence the
EcHagen. In the case of WWTP C and WWTP D, although WWTP D has a higher ngsyy than
WWTP C (65.0% compared to 54.9%), since the COD of WWTP C raw wastewater is
approximately double that of WWTP D, the Ecggen of WWTP C is higher than Ecnacen of
WWTP D. In the case of WWTP B and C, although the COD of their raw wastewater is similar,
since the Ngryy of WWTP B is about 1.5 times greater than WWTP C, the Ecegen of WWTP
B is much higher than that of WWTP C (0.97 kWh/m? compared to 0.59 kWh/m?®). The values
of EceGen:Eww 1n Table 5-4 suggest that only approximately 20-30% of the chemical energy
contained in the raw wastewaters of these WWTPs can be recovered as CH4 energy. In reality,
the EciGen:Eww of WWTP C is 30.0% (shown in Figure 5-16). This higher ratio is attributed to

the extra sludge imported to the sludge treatment.

5.3.3.1 Electrical energy recovery potential of wastewater
Wastewater and sludge treatment have the potential to produce energy, but they also consume

energy. Energy used in wastewater treatment is usually in the form of electrical energy, and for
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sludge treatment both electrical and heat energy may be used (Wan et al., 2016, Mills et al.,
2014). However, the energy balance of a WWTP is usually expressed as a function of kWh
electricity used per m® of wastewater. Current practice in the wastewater treatment sector is to
recover electrical energy from wastewater by feeding the CH4 produced in sludge digestion to
an electricity generator (Rawlinson et al., 2012, Gu et al., 2017). To construct a more
meaningful energy balance it is therefore useful to convert the energy of wastewater and sludge,
in units of heat or chemical energy, into units of electrical energy, so that a direct comparison
of electricity consumed to potential electricity available can be made for individual wastewater
treatment plants (Wan et al., 2016). For this research this has been done by combining the total
chemical energy potentially available in the wastewater and sludge treatment processes, thus

producing a single figure for available electricity.

One of the key tasks to implement this approach is to convert the heat energy consumed during
the advanced anaerobic digestion process into an expression of electrical energy, because the
THP process requires considerable amounts of heat input. In practice the heat is commonly
supplied via two approaches. As shown in the Figure 5-17, the heat is supplied from the heat-
grade heat recovered from the Combined Heat and Power (CHP) generation. If insufficient heat
is provided by the CHP the deficit is supplied from a boiler that uses supportive fuel, such as
natural gas or oil (Bowen et al., 2010). Thus, the input to the system is not only the sludge
energy, but also the chemical energy from the support fuel. This energy usage needs converting
to electrical energy in the approach used for the energy mass balance in this research. The
second approach to the provision of heat, is to first divert some of the CHs to the boiler, and
then the heat demand is met by combining the heat production from both the boiler and the
CHP (Smyth et al., 2016). In this approach no support fuel is needed. There is only one input
to the system in this case. The ratio for splitting the CH4 to the boiler and the CHP has to be
calculated because it determines the quantity of CH4 available to the CHP.
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Figure 5-17 Schematic illustration of different approaches to heat supply to the THP

The ratio for splitting the CH4 to the boiler and CHP for achieving heat self-sufficient can be
calculated, beginning with the heat demand of the THP (1,,,,,). The heat demand of THP

(Myeryp) 18 considered as the unit heat required per unit sludge energy fed to the THP treatment

unit and the subsequent digestion. Since the demand is met by high-grade heat from the CHP

and the heat from the boiler, n,,,,,, can be calculated using Equation 5-3.
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Equation 5-3

1

Nuerae = Neerp X Megecup X Mueurene T Neppp X (1= Ncgcur) X Mpoiter

Where is the proportion of the produced chemical energy fed to the CHP

NcEecnp
Ncespis the chemical energy recovery efficiency of the digester,

Nueufcup 1 the high-grade heat recovery efficiency from per unit energy fed
to the CHP,

NBoiler 1S the thermal efficiency of the boiler.

The 1z, -yp can be calculated using Equation 5-3 which is rearranged from Equation 5-4.
Equation 5-4

Nuerae ~ Meefp X Mpoiter

n =
CEeCHP Mcerp X Mucugenr ~ Mpoiter)

Historical data shows 77.3 MWh/d heat as steam is used for the THP to treat feed sludge to
anaerobic digestion process during the period of the sampling campaign conducted (personal
communication, S Coverdale, Northumbrian Water, October 2017). As shown in Figure 5-14,
the digester feed sludge contains 435.0 MWh chemical energy. Thus, the 1., , (heat demand
of THP) of the sludge treatment of WWTP C is 77.3+435.0 = 17.8% which is in agreement
with the reported range of 13.6-17.2% (Smyth et al., 2016, Mills et al., 2014). A value for
Nucuscup (heat recovery efficiency) of 20.0% is assumed since the reported range is 18-22%
(Mills et al., 2014, Smyth et al., 2016, Bowen et al., 2010). The boiler efficiency (ngpizer) 1S
taken the reported value of 85% (Vanwortswinkel and Nijs, 2010). From this, the 1., p 1s
calculated as 0.821. To achieve self-sustaining heat generation at WWTP C, theoretical
calculations suggest that 82.1% of the chemical energy produced via THP (as CH4) at the plant
should be fed to the CHP for electricity generation.

With a common heat to electricity conversion efficiency (7, fCHP) of 38% in Combined Heat

and Power (CHP) electricity generation (Banks, 2009, Mills et al., 2011), the electricity that

could be produced from 1 m* of wastewater (EgiecGen) can be calculated using Equation 5-5.
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Equation 5-5

EglecGen = (Eww X Nsfww X Ncerp X TICEfD) X Ncetcup X NEfFCHP

The estimated Egjecgen of WWTP A, C and D, and their electrical balances are shown in Table
5-6.
Table 5-6 The estimated electricity production of different wastewater

WWTP electricity consumption,

FIOW, m3/d* EElecCon, kWh/m3 EElecGen, kWh/m3

kWh/d**
WWTP A 9,052 3,015 0.33 0.41
WWTPC 278,954 85,949 0.31 0.18
WWTP D 37,312 9,744 0.26 0.11

*: It is shown in Table 5-1
**: Tt is collected from Scottish Water and Northumbrian Water (personal communication, ] McCowan, Scottish

Water, June 2017 and personal communication, L Wilkinson, Northumbrian Water, July 2018)

In case of WWTPs A, C and D, the chemical energy contained in 1 m? raw wastewater (Eww,
1.48-4.66 kWh, Table 5-5) is approximately 5-14 times higher than the electricity consumed in
treating 1 m> of wastewater (Egieccon, 0.26-0.33 kWh, Table 5-6). However, the estimated
EElecGen are 0.11-0.41 kWh (Table 5-6), only 6 - 9% of the Eyw in the wastewater. With the
exception of WWTP A the potential EgiecGen 1s less than Egieccon, and hence WWTPs C and D
do not have the potential to be electricity self-sustaining. Although the potential EgiecGen of
WWTP A is greater than its Egieccon, considering WWTP A has no onsite anaerobic digestion,
if energy consumed on the sludge haulage is taken into account, the surplus EgiecGen compared

to Egteccon Will be reduced or even eliminated.

5.3.3.2 Improving the electrical energy balance

The wastewater and subsequent sludge treatment with anaerobic digestion is considered as a
set of reactors in sequence. The intermediate product is the sludge. The ngsyy can be
considered as the efficiency with which COD or chemical energy is captured in the wastewater
treatment plant. A greater gy result in a greater amount of feedstock to the second reactor,
the sludge treatment with anaerobic digestion. The sludge produced by the wastewater
treatment consists of the primary sludge and SAS. However, the feed of the activated sludge is
the effluent of the primary settlement. If the COD capture rate of the primary settlement is X,
the COD capture rate of the activated sludge is Y, and the COD and chemical energy capturing
rate of the WWTP, 157y, can be expressed by Equation 5-6.
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Equation 5-6
Nsrww =X +(A-X)Y =(1-Y)X+Y

X, Y and ngsy are all between 0 to 1. According to the equation, if Y is given a set value, (1-
Y) becomes a constant that is bigger than 0, then the Equation 5-6 becomes a linear function
of X. Since the slope is bigger than 0, a greater X to can lead to greater 7gryy . Improving the
primary settlement process can potentially increase the 7s5yy (Equation 5-5) and lead to a
greater Eglecgen. Primary settlement aims to settle the particulate contaminant. In the four study
WWTPs, approximately 26-60 % of the particulate COD remained in effluent of primary
treatment (Table 5-3). The primary settlement can still be improved. Research suggests this can

be done by dosing aluminum and ferric salts at the correct dosage rate and pH (Ismail et al.,

2012, Sarparastzadeh et al., 2007).

The ncgrp (Equation 5-5) is the energy recovery efficiency of the sludge treatment. This
consists of several stages of sludge thickening and dewatering prior to anaerobic digestion. As
stated in Section 5.2.3, filtrates and centrates contain 31.1% of sludge energy. Among all four
sludge filtrates and centrates, 1) primary sludge filtrate, 2) SAS filtrate, and 3) raw sludge
centrate are formed prior to the anaerobic digestion. The formation of the filtrate and centrate
does have an adverse effect on final energy production because sludge energy is kept in the
filtrate rather than being sent for recovery. Therefore, reducing the chemical energy contained
in the filtrates and centrates is a potential way of elevating the digestion feedstock and hence

improving CH4 production.

Recovering energy from the un-recovered chemical energy reserve is also a measure to promote
the EglecGen. From the chemical energy balance study of the sludge treatment (Figure 5-16), the
end product of the digestion, the dewatered digested cake, contains approximately 20% of the
influent sludge energy fed to the sludge treatment. Although it is currently not used for energy
application in WWTP C, has proven could produce energy via pyrolysis or gasification (Mills
et al., 2014, Cao and Pawtowski, 2012). The energy recovery from digested cake could also

leads to a greater energy recovery efficiency from sludge.
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Apart from improving the energy balance of WWTPs by focusing on elevating the EgiecGen,
efforts could also be made to reduce Egieccon. Activated sludge process, which is used by all
four WWTPs and is well applied in wastewater treatment, is reported to account for
approximately 50% of the total process energy demand (Scherson and Criddle, 2014). Although
aerobic activated sludge still produces SAS that can be used for energy production via digestion,
it consumes energy to convert the energy material into CO, (Wan et al., 2016). As shown in
Figure 5-12, the activate sludge processes suffered 23-52% of chemical energy loss. Activated
sludge process is further wasting the chemical energy within the wastewater. Energy generating
biological treatment, such as anaerobic treatment and microbial fuel/electrolysis cell, generates
energy, for instance CHi, H> and electricity, while simultaneously removing organic
contaminants (Shoener et al., 2014, Stoll et al., 2018). The produced energy is then used for
offsetting energy consumption. This could be an alternative to the current aerobic activated

sludge treatment.

5.4 Case studies of energy recovery

Four case studies are presented in this section. They aim to illustrate how it may be possible to

improve the electrical energy balance of the WWTP by:

Improving solids removal efficiency in the primary settlement (Section 5.4.1)
Reducing the sludge retention time prior to digestion (Section 5.4.2)

Recovering energy from the dewatered digested sludge via pyrolysis (Section 5.4.3), and

i

Replacing the activated sludge processes with an energy-generating anaerobic membrane

reactor (Section 5.4.4).

Apart from case study 3, all case studies are founded on software modeling outputs from GPS-
X. The conceptual models used are built on the model of WWTP C. That is because the model
has been calibrated and is able to represent the real-life performance of the sludge thickening,
dewatering and sludge digestion. As stated in Sections 5.3.3, the COD concentration of the raw
wastewater is a key influence on the prediction of the chemical energy and electricity that might
be recoverable from wastewater. Therefore, the case studies do not suggest the exact value of
chemical energy or electricity that could be recovered but illustrate the relative merits of these
approaches in terms of potential energy production and energy consumption.
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It is worth noting that the electricity consumption and generation are not predicted via the GPS-
X. This is because historical data collected from Northumbrian Water for WWTP C does not
clearly show the electricity consumption of each individual unit process but shows electricity
usage for groups of processes (personal communication, L Wilkinson, Northumbrian Water,
July 2018). These include screening, odor control, wastewater pumping, primary settlement
scraping, RAS and SAS pumping, aeration, and sludge treatment (as shown in Figure 5-18).
Hence, it is not possible to model the electricity consumption of individual units in the software.
It is worth noting that the activated sludge the RAS and SAS pumping and aeration contributed
32% of the total consumption. Whilst, only 1% of the consumption is for the primary settlement

scrapping.

5800.5, 6% 1758.0, 2%

8684.0, 9%

748”"‘
\I 11782.6, 12% ﬂ
‘ 1302.8, 1%

= Screening = Wastewater Pumping
= Primary settlement scrapping RAS and SAS Pumping
= Aeration = UV disinfection

= Odour control = Sludge treatment

= Site administrative use

Figure 5-18 The breakdown of daily electricity consumption (kWh/d) of WWTP C

In this research, it is assumed that:
e Electricity consumption of primary settlement is proportional to the total solids content
of the primary sludge,
e Electricity consumption of aeration is assumed proportional to total air flow required,
e Electricity consumption for sludge treatment (including pumping, thickening and
dewatering) is proportional to the total TS fed to all four of the thickening and
dewatering facilities (Mills et al., 2014),

e The other usage is considered as fixed consumption that will not change.
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The per unit electricity consumption of the primary settlement, aeration and sludge treatment
are calculated based on modelling results of the mass balance of WWTP C and are shown in

Table 5-7.

Table 5-7 The per unit electricity consumption of the primary settlement, aeration, sludge treatment and fixed
consumption of the WWTP C

Total Consumption,

KWh Quantity Per Unit Consumption
Primary Settlement 1302.8 54.2 tonnes TS 24.0 kWh/ton TS
Aeration 20,168.1 2,316,000 m* Air 0.0087 kWh/m?> Air
Sludge treatment 8,684.0 261.8 tonnes TS 33.2 kWh/ton TS
Fixed Consumption 70,279 N/A N/A

It is worth noting that the TS of the sludge is calculated from the predicted COD concentration

of the sludge using Equation 5-7 which is derived from Equation 4-4 (in Section 4.2.3).
Equation 5-7

VS
TS = (COD + 66.5) +~ 1.3526 + T_S%

In Table 4-6, the mean observed VS/TS% of primary sludge, SAS, raw sludge, and digested
sludge are 82.6+3.5%, 78.2+5.1%, 78.3+6.1%, and 67.8+1.6 %, respectively. For
simplification, the VS/TS% of the primary sludge, SAS and raw sludge is taken as 80% and
for digested sludge is taken as 70%.

5.4.1 Case study: Improving solids removal efficiency in primary settlement

5.4.1.1 Introduction

The sludge produced in the wastewater treatment becomes the feed stock to anaerobic digestion.
As stated in Section 5.3.3, if the kinetic biological reactions of the secondary treatment remain
constant, the wastewater treatment process will capture more chemical energy in the indigenous
sludge if the primary settlement process is able to settle more chemical energy in its sludge.
This study aimed to investigate the impact to the energy balance of the treatment works in a

scenario in which solid removal efficiency of the primary settlement is improved.
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5.4.1.2 Method

A conceptual model CM-4-1 (Figure 5-19) was constructed based on the model of WWTP C.
Apart from transforming the model used for the primary settler from the “Simpleld” to an
“empiric” model, the flow and concentrations of the raw wastewater and the configurations of
the other processes remained the same. In the primary settler the settling model is changed to
“empiric” and the sludge discharged is controlled by both the solid removal efficiency and the
solid concentration of the primary sludge. The solid concentration is set to 26,360 mg/L which

is the same as that in WWTP C.

Raw Virtual sCOD Primary Activated Final ;
Wastewater Removal Settlement Sludge Clarification Discharge

SAS Filtrate

Returned to
SAS Drum Head of the
Thickener Work

Primary Sludge
Primary Filtrate Returned
Sludge Drum to Head of the
Thickener Work

Primary Sludge
Storage Tank

Raw Sludge
Centrate
Returned to Head
of the Work

ﬁ ]
Sludge sent to Digestion

=

Raw Sludge Raw Sludge
Storage Tank Centrifuge

V

Figure 5-19 The conceptual model CM-4-1

For the sludge treatment modelling, it was assumed that there was no imported sludge, either
before primary sludge thickening or after the raw sludge centrifuge. For modelling the
digestion, to characterize the digester feed COD, TKN, TP, NH4'-N, PO4*-P, VSS/TSS are
required input variables. The study fixed the COD concentration of the digester feed (CODpr)
at 113,13780,280 mg/L which is the same as the original model. The flow of the digester feed

(Qpr) was calculated using Equation 5-8

Equation 5-8

_ Qprs X CODpps
Qpr =7

Where Obrs is the predicted flow of the dewatered raw sludge
CODpis is the predicted COD concentration of the dewatered raw sludge.
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The TKN, TP, NH4"-N, POs*-P, VSS and TSS concentrations are then calculated using
Equation 5-9.
Equation 5-9

_ Qprs X Cpps
Cpp =—F——
Qpr
Where Cpr 1s the concentration of a parameter in the digester feed

Cpgrs 1s the concentration of the corresponding parameter in the dewatered raw

sludge.

The solid removal efficiency of primary settlement (SREps) was incrementally changed from
0.40 to 0.70 at an interval of 0.05, to directly evaluate the influence of improved primary
settlement efficiency on the energy balance. Changing the solid removal rate will affect the
volume of sludge produced, which in turn may change the HRT in the raw sludge tank and in
the digester. For the purposes of modelling, in order to make sure that the sludge undergoes
fermentation to approximately the same extent during hydrolysis and digestion, in this study
HRT was fixed at 410 hours and 505 hours in the raw sludge tank and the digester, respectively.
The kinetics and model stoichiometry of the biological reaction in the activated sludge, all the
sludge storage and anaerobic digestion will not be changed. Neither are the fractions of COD,
nitrogen and phosphorus of the raw wastewater and the digester feed. The operational

parameters at WWTP C were used in the models, and that they were always the same.

5.4.1.3 Results and discussion

The greater SREps first results in a greater percentage of chemical energy captured in the
primary sludge. It also results in a smaller percentage of chemical energy flowing to the
activated sludge. In this case study, the stoichiometry and kinetics of the biological reactions
in the activated sludge process stays the same, a smaller percentage of chemical energy is
therefore captured in the SAS. However, the overall percentage chemical energy captured in
the combined sludge increases from 50.3% to 58.6%. More chemical energy from the
wastewater is captured and sent to the sludge treatment. The chemical energy balances are

shown in Table 5-8.
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Table 5-8 The chemical energy balance of the models with different SREps

SREps
0.40 0.45 0.50 0.55 0.60 0.65 0.70
Final Effluent 151% 149% 14.9% 14.8% 14.8% 14.7% 14.7%

347% 33.8% 32.5% 312% 29.7% 282% 26.7%
Primary Sludge 29.6% 332% 36.9% 40.6% 44.2% 47.9% 51.5%
SAS 20.7% 18.1% 15.7% 13.4% 113% 92% 7.1%

Loss in Activated sludge

Primary sludge filtrate 28% 3.1% 34% 3.8% 41% 45% 4.8%
SAS filtrate 3.9%  31%  2.5%  21%  17% 13%  1.0%

Ry dlidle @t 81% 80% 77% 715% 712% 7.0%  6.6%
Dewatered Raw Sludge (as Digester Feed) 32.8% 347% 36.7% 38.7% 40.8% 42.9% 45.0%
CH. 213% 22.5% 23.8% 25.1% 26.5% 27.8% 29.2%

9.7% 103% 10.9% 11.5% 12.1% 12.8% 13.4%
1.7% 1.8% 19% 2.0% 21% 22% 23%

Dewatered Digested Sludge
Digested Sludge Centrate

As shown in Table 5-8, in the subsequent thickening, the greater SREps increases the percentage
chemical energy retained in the primary sludge filtrate because the flow of primary sludge
increases and reduces the percentage chemical energy in the SAS filtrate because there is less
production of SAS. Because the reduction of chemical energy in the SAS filtrate is greater than
the increase in chemical energy in the primary sludge filtrate, when the SREps increases, the
percentage chemical energy lost in the two combined filtrates still reduces from 6.7%

(SREps=0.4) to 5.8% (SREps=0.7).

In addition, with an increase in SREps, the proportion of the proportion of SAS in the combined
sludge decreases. As shown in Table 5-9, when the SREps increases, the predicted total COD
fed to raw sludge increases slightly. At the same time, the substrate COD can be increased up
to 45.7% whilst the heterotrophic biomass COD (originally produced in the activated sludge

process) can be reduced up to 52.2%.
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Table 5-9 COD, Substrate COD and Heterotrophic biomass COD of the sludge fed to the raw sludge storage
tank

SREps
0.40 0.45 0.50 0.55 0.60 0.65 0.70

COD of the sludge fed to the raw sludge
56280 57460 58350 59050 59670 60180 60570
storage tank, mg/L

Substrate COD of the sludge fed to the
27870 30050 32270 34450 36610 38660 40610
raw sludge storage tank, mg/L

Heterotrophic biomass COD of the sludge
13450 12630 11530 10310 9036 7746 6435
fed to the raw sludge storage tank, mg/L

The biological model used in the “Mantis2” model is developed from the activated sludge
model No.2 d (ASM2d) (Hydromantis, 2017). In ASM2d, the extent of hydrolysis and
fermentation are positively related to the concentration of heterotrophic biomass COD (Henze
etal., 1999). As the HRT of the sludge storage time is fixed, because less heterotrophic biomass
presents, hence less fermentation and hydrolysis happened in the raw sludge storage tank.
Therefore, less COD is converted into sCOD which would be lost in the subsequent sludge
dewatering. When the SREps is changed from 0.4 to 0.7, the percentage COD loss due to raw
sludge dewatering is reduced from 8.1% to 6.6%, and the overall percentage COD loss prior to
digestion is 14.8% to 12.4%. Since more energetic COD is available to the digester, more
chemical energy is therefore available to the digester and leads to more biogas is produced.
Meanwhile, the extent of digestion of sludge is fixed in all cases, a greater digester feed leads

to a greater percentage chemical energy captured in the dewatered digested sludge.

With respect to electricity, although the increase of SREps results in less energy consumption
during aeration (from 20,203 kWh/d to 16,180 kWh/d), the electricity consumption for primary
settlement and sludge treatment also increases due to a greater production of primary sludge
(from 6,417 kWh/d to 7,671 kWh/d). Overall, the electricity consumption is only reduced
slightly, by up to 1.9%. However, the electricity production could increase by up to 32.2%. The
electricity deficit is substantially reduced, and the reduction is up to 39.3%. The electricity

balance is shown in Table 5-10.
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Table 5-10 The electricity balance of the models with different SREps

SREps
0.40 0.45 0.50 0.55 0.60 0.65 0.70
Primary Settlement, kWh/d 1217 1368 1519 1670 1821 1971 2122
Aeration, kWh/d 20203 20046 19541 18836 18026 17129 16180
Fixed consumption, kWh/d 70279 70279 70279 70279 70279 70279 70279
Sludge Treatment, kWh/d 6417 6572 6763 6974 7196 7433 7671

Total Consumption, kWh/d 98116 98265 98102 97759 97322 96812 96252

Electricity Generation, kWh/d 51352 53619 56348 59251 61900 64944 67872
Electricity Deficit, kWh/d 46764 44647 41754 38507 35422 31868 28380

Improving the SREps may result in elevated biogas production, slightly reduced electricity
consumption, and consequently an improvement in the overall energy balance of the

wastewater treatment works.

The uncertainty in this case study is how to actually improve the SREps operationally. It has
been suggested that SRE can be improved by dosing aluminum and ferric salts (Ismail et al.,
2012, Sarparastzadeh et al., 2007). However, in this case study the SREps is adjusted by tuning
the operational parameter of the “empiric” model that controls the primary settlement. There is
no chemical dosing involved since the chemical dosing in the GPS-X is not able to enhance the
SREps. Meanwhile, Diamantis et al. (2013) reports that a high dosage of aluminium or ferric
coagulant may reduce the digestibility. Therefore, if chemical dosing is applied to elevate the
SREps, a thorough investigation of possible changes to the dewaterability or digestibility of the

sludge is recommended.

5.4.2 Case study: Reducing the sludge retention time prior to digestion

5.4.2.1 Introduction

Sludge thickening and dewatering aims to reduce water content of the feed sludge for various
purposes, such as reducing sludge volume or raising the TS content to meet requirements for
subsequent treatment. Inevitably some of the solid, both volatile and fixed, will remain in the
filtrate or centrate rather than being retained in the thickened or dewatered sludge. From a
waste recovery perspective, considering that the sludge will ultimately be fed to the digester

for energy recovery, that portion of the solid that remains in the filtrate or centrate will not be
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available for energy production. The loss of solids in the filtrate or centrate should therefore be

minimized.

The loss of solid can be influenced by the solids retention capability of the sludge thickening
and dewatering process, but also by biological activity in the sludge before thickening and
dewatering. In the case of WWTP C, considerable amounts of the particulate COD of the feed
sludge to the raw centrifuge are solubilized due to the long storage time, effectively resulting
in greater solid loss in the centrate. This case study investigates the impact of reducing the size
of the sludge storage tank to reduce the loss of potential energy during the raw sludge

dewatering.

5.4.2.2 Method

The conceptual model CM-4-1 is applied in this case study. The sludge retention time of the
raw sludge storage tank was decrementally changed from its original level of 410 hour to 0
hour at a percentage interval of 20%, to directly evaluate the influence of sludge storage time
on the energy balance. The raw sludge storage tank was therefore assumed as a virtual unit. Its
tank size was given values of 26,086 m> (100%), 20,869 m?(80%), 15,652 m*(60%), 10,434
m3(40%), 5,217 m*(20%), 0 m*(0%). When the tank size is 0 m>, it means the raw sludge will

not be stored.

As in Section 5.4.1, the tank size of the digester will be adjusted to ensure approximately
constant HRT. The solid removal efficiency of the primary settlement tank will also be fixed at
0.40. The kinetics and model stoichiometry of the biological reaction in the activated sludge,
all the sludge storage tanks and anaerobic digestion will not be changed. The fractions of COD,
nitrogen and phosphorus of the raw wastewater and the digester feed also remain the same.
Finally, the operational parameters of the sludge dewatering unit remain unchanged in this

study.
5.4.2.3 Results and discussion

The chemical energy balance of the wastewater treatment, primary sludge thickening, and SAS

thickening is not influenced by the change in volume of the raw sludge storage tank.
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When the effects of a decrease in volume of the raw sludge storage tank are modelled, the
retention time of sludge reduces, and hence the degree to which raw sludge solubilizes
decreases. As a result, the sSCOD of the raw sludge centrate decreases. As shown in Table 5-11,
there may be an approximately 62-fold variation in sCOD concentration, with a consequent

variation of the COD in the raw sludge centrate.

Table 5-11 The change of sCOD, pCOD and COD over different raw sludge storage time

Tank Volume, m3 sCOD, mg/L pCOD, mg/L COD, mg/L
26086 7305 5073 12378
20869 6628 5247 11875
15652 6351 5422 11773
10434 5631 5695 11326
5217 3719 6128 9847

0 117 6872 6989

The reduction of tank size reduces the percentage COD (also chemical energy) lost in the raw
sludge centrate and simultaneously increases the percentage of COD (and chemical energy) fed
to the digester, from 34.9% up to 41.4%. Ultimately, this leads to a greater biomethane
production up to 23.3% of the chemical energy can be recovered as. The chemical energy

balances are shown in Table 5-12.

Table 5-12 The chemical energy balance of models with different raw sludge storage time

Tank volume, m?

26086 20869 15652 10434 5217 0
Final Effluent 13.7% 13.7% 13.7% 13.7% 13.7% 13.7%
Loss in Activated sludge 31.6%  31.6% 31.6% 31.6% 31.6% 31.6%
Primary Sludge 29.5%  29.5%  29.5% 29.5%  29.5%  29.5%
SAS 253%  253% @ 253% 253%  253%  25.3%
Primary Sludge Filtrate 2.8% 2.8% 2.8% 2.8% 2.8% 2.8%
SAS Filtrate 5.7% 5.7% 5.7% 5.7% 5.7% 5.7%
Raw Sludge Centrate 8.7% 8.3% 8.2% 7.9% 6.9% 4.9%

Dewatered Raw Sludge (as Digester Feed) 34.9%  35.5% 36.3% 37.4% 39.0% 41.4%

CHa4 19.6%  19.9%  204%  21.0%  21.9%  23.3%
Dewatered Digested Sludge 10.7% 10.9% 11.2% 11.5% 12.0% 12.8%
Digested Sludge Centrate 1.7% 1.7% 1.8% 1.8% 1.9% 2.0%

With respect to electricity, a decrease in size of the raw sludge storage tank has no impact on

the processes prior to the raw sludge dewatering, as shown in Table 5-13. Because solids
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solubilization is reduced, more solid is fed to the raw sludge dewatering and the subsequent
digester sludge dewatering. The predicted total sludge solid treated could increase from 193.5
tonnes to 203.0 tonnes. As shown in Table 5-13, the total electricity consumption therefore
increases very slightly, by up to 0.3%. For the electricity production, the percentage increase

could be up to 18.8%. The electricity deficit could also be substantially reduced by up to 20.0%.

Table 5-13 The electricity balance of models with different Raw sludge storage time

Tank volume, m®

27248 21798 16349 10899 5450 0

Primary Settlement, kWh/d 1217 1217 1217 1217 1217 1217
Aeration, kWh/d 20203 20203 20203 20203 20203 20203

Fixed consumption, kWh/d 70279 70279 70279 70279 70279 70279
Sludge Treatment, kWh/d 6417 6446 6510 6583 6651 6735
Total Consumption, kWh/d 98116 98145 98209 98282 98350 98434
Electricity Generation, kWh/d 51352 52012 53281 54917 57251 61020
Electricity Deficit, kWh/d 46764 46132 44928 43365 41099 37414

The conclusion from this is that reducing the sludge storage time could prevent loss of energy-
containing material during sludge dewatering, and therefore enable greater energy recovery. In
the example of WWTP C, the raw sludge storage tank is built for contingency if the downstream
processes of THP or digester is shut down due to broken down or being maintained (personal
communication, L. Wilkinson, Northumbrian Water, October 2018). The long sludge storage
time is not intentional but is due to the building up of sludge is because of the occasionally shut
down of certain THP and digester (personal communication, L Wilkinson, Northumbrian Water,

October 2018). Therefore, it is possible to reduce the sludge storage time.

5.4.3 Case study: Recovering energy from the dewatered digested sludge via pyrolysis

5.4.3.1 Introduction
As shown in the previous Section 5.3.2 in WWTP C, approximately 20% of the sludge chemical
energy is stored in the dewatered digested sludge. This case study investigates the use of

pyrolysis to recover this energy for electricity production.
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5.4.3.2 Method
This pyrolysis modelling is built on the model CM-4-1, in which a solid removal efficiency of
primary settlement of 0.4 is assumed. The TS content of the dewatered digested sludge is

estimated using Equation 5-7.

The design of the pyrolysis module is based on Mills et al. (2014). The module has three units:

1. sludge drying, which utilizes low-grade heat to dry the sludge to reach 90% DS (Mills et al.,
2014)

2. fast pyrolysis to convert biosolids into syngas

3. CHP for combusting the syngas to produce electricity and heat production.

A schematic illustration of the process is shown in Figure 5-20.

Biomethane
CHP

Thermal Anaerobic
Hydrolysis Digestion

=P Sludge ==P Bjomethane/Syngas=—» Electricity
=== High-grade heat Low-grade heat

Figure 5-20 Schematic illustration of the dewatered digested sludge pyrolysis module
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The key assumptions made for this case study are as follows:

e In the sludge drying, 0.9 MWh heat is required per tonne of water evaporated (Mills et
al.,2014). 0.055 MWh electricity is required to process each tonne of TS content (Mills
et al., 2014). Both high-grade heat and low-grade heat can be used for the heat supply

e In the pyrolysis, 80% of the chemical energy stored in the sludge will be converted into
syngas (Mills et al., 2014, Cao and Pawtowski, 2012). Meanwhile, 0.4 MWh electricity
is required to treat each tonne of DS (Mills et al., 2014).

e In both CHP units, the electricity conversion ratio is 38%, and both the high grade heat
conversion ratio and low grade heat conversion ratio is 20% (Bowen et al., 2010, Smyth

etal., 2016).

5.4.3.3 Results and discussion

When the solid removal efficiency of primary settlement is 0.4, conceptual model CM-4-1
predicts the dewatered digested sludge has a COD concentration of 257,417.2 mg/L and a
predicted flow of 78.9 m*/d. Via Equation 5-7, TS concentration is estimated as 265,655.8 mg/L.
Since the density of sludge is assumed to be 1,000,000 mg/L in this study (explanation shown
in Appendix C). The TS% of the dewatered digested sludge is estimated as 26.5%. The TS
loading is 21.0 tonnes. Via Equation 4-2, chemical energy loading of the dewatered digested
sludge is estimated as 87.1 MWh.

In the sludge drying process the electricity consumption is 19.0x0.055 = 1.155 MWh and the
heat consumption is 0.9%[(21.0+26.5%)-(19.0+90.0%)] = 52.3 MWh. For the pyrolysis,
0.4x21.0=8.4 MWh electricity is required. Therefore, the total energy consumption of the
module is 52.3 MWh heat and 9.6 MWh electricity.

For energy production, 87.1x80%=69.7 MWh syngas is produced. In the subsequent CHP
application, 69.7x38%=26.4 MWh electricity and 69.7x20%+69.7%20%=27.9 MWh heat
(combines the high-grade heat and low-grade heat) are produced. Therefore, the net electricity
production is 16.8 MWh but there is a heat deficit of 24.4 MWh. The predicted biomethane
production is 159.7 MWh in conceptual model CM-4-1, when the solid removal efficiency of
primary settlement of 0.4. The heat deficit will be supplemented by the low-grade heat
produced in the biomethane CHP since the production is 159.7 MWhx85%x20%=27.1 MWh.
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As stated in Section 5.4.1, the electricity deficit of the WWTP is approximately 46.7 MWh.
With the net electricity output from the pyrolysis module is 16.8 MWh, the gap is reduced by
35.9% to 29.9 MWh.

Unlike the previous two case studies, in which the process modification is upstream of the
digestion, the pyrolysis targets the end product, and hence has the advantage that it would have
no impact on upstream processes or energy recovery of the digestion. The key to success of
this approach is to meet the low-grade heat demand for the sludge drying. Moreover, the two
case studies focused on operational adjustments, whereas the sludge pyrolysis would require

capital investment for installation of sludge drying, pyrolysis and the CHP infrastructure.

5.4.4 Case study: Replacing the activated sludge processes with an energy-generating

anaerobic membrane reactor unit

5.4.4.1 Introduction
This case study investigates the benefits of replacement of the aerobic activated sludge
treatment process with an anaerobic membrane reactor (AnMBR) for reducing the energy

consumption of biological treatment of the wastewater.

5.4.4.2 Method

A conceptual model CM-4-2 is built on CM-4-1 in GPS-X (as shown in Figure 5-21). The

predicted result generated by the CM-4-2 will be used to construct an energy balance. The

newly obtained energy balance will be compared to the baseline case energy balance obtained

from the CM-4-1 while the SREpsis 0.4. There are several key adjustments made in the model

CM-4-2 comparing to CM-4-1:

e The “Anaerobic MBR” is used to replace the existing activated sludge process.

According to Gimenez et al. (2011) and Gouveia et al. (2015), the tank size is given
66,406 m* for achieving the HRT to approximately 6 hours, and the mixed liquor
suspended solid (MLSS) is set as 20,000 mg/L and is control by a PID controller. The
stoichiometry and kinetics of the biological reactions of the “Anaerobic MBR” remain
at their default value in the model. The treated effluent of the AnMBR will be
discharged as final effluent.

e The solid removal efficiency of the primary settlement remains fixed at 0.40. The
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surplus AnMBR sludge (SAnS) produced will be thickened in a similar way to the SAS
thickening in model CM-4-1. However, because the MLSS of the AnMBR is set as
20,000 mg/L instead of the 2,805 mg/L used in CM-4-1, the “fraction of influent flow”
of the SAnS drum thickener is changed to 0.35 in order to obtain thickened SAnS with
similar COD content of the thickened SAS (in the original model CM-4-1).

e The kinetics and model stoichiometry of the biological reactions of all of the sludge
storage tanks, and the rest of the thickening and dewatering facilities, will not be
changed.

¢ In anaerobic digestion, the fraction of “P content of the inert particulate material” of
the digester feed is changed from 0.021947 to 0.01794 in order to allow the feed sludge

to have the same extent of digestion as in the baseline case.

Anaerobic
Raw Virtual Imported Primary Membrane
Wastewater sludge Storage Tank Settlement Reactor Discharge
Primary Sludge SAnNS Filtrate
Filtrate Returned SAnS Returned to
Primary Sludge  Primary Sludge to Head of the Storage SAnS Drum Head of the
Storage Tank Drum Thickener Work Thickener Work
Raw Sludge
Jud Centrate
S}:aw S uT gek Raw Sludge Returned to Head
e Centrifuge of the Work
Sludge sent to Digestion

Figure 5-21 The conceptual model CM-4-2

For electricity consumption, the AnMBR is assumed to be energy self-sustaining and the
original activated sludge related electricity consumption, including the consumption on

aeration, RAS and SAS pumping will be ignored in the calculation

5.4.4.3 Result and discussion
The chemical energy balance of the baseline case (uses aerobic activated sludge as secondary

treatment) and the AnMBR model are listed in Table 5-14.
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Table 5-14 The chemical energy balance of the baseline model outputs and the AnMBR model outputs

Baseline AnMBR
Final Effluent 13.7% 10.8%
Ends Gaseous Product 31.6% 45.8%
Primary Sludge 29.5% 29.5%
SAS/SAnS 25.3% 13.9%
Primary Sludge Filtrate 2.8% 2.8%
SAS Filtrate 5.7% 2.3%
Raw Sludge Centrate 8.7% 3.9%
Dewatered Raw Sludge (as Digester Feed) 34.9% 30.7%
CH4 19.6% 17.2%
Dewatered Digested Sludge 10.7% 9.3%
Digested Sludge Centrate 1.7% 1.5%

Using AnMBR results in a lower COD concentration in the final effluent, and hence the
percentage chemical energy in the final effluent is less (10.8%) than if activated sludge is used
(15.1%). Moreover, the percentage chemical energy captured in the SAnS is less than what is
captured in the SAS. Therefore, in the AnMBR model, less chemical energy is fed to sludge
treatment. Anaerobic treatment is reported to produce less sludge than aerobic treatment
(Gimenez et al., 2011, Gouveia et al., 2015). The predicted COD and TSS loading of the SAS
of base line model are 46.9 tonnes and 40.3 tonnes, respectively. The predicted COD and TSS
loading of the SAnS are approximately half of the SAS loading and are 25.8 tonnes and 25.0
tonnes, respectively. Regarding the TSS produced per g COD removed, the predicted result is
0.23g TSS/g CODRgemoved Which is in the reported range of 0.16-0.55g TSS g CODgremoved
(Gouveia et al., 2015). Modelling the use of AnMBR, 45.7% of the inflowing chemical energy
ends up as gaseous product. Unlike the model results for the activated sludge process, the
product is CHs rather than CO. The CH4 production is 22,710 m® and results in a specific
methane yield of 0.21L CH4/g CODRgemoved Which is also in the reported range of 0.13-0.24 L
CH4/g CODRemoved (Gouveia et al., 2015, Gimenez et al., 2011). Although the model uses the
default kinetic and stoichiometry of biological reaction in the AnMBR model, the predicted

result is in agreement with the literature value.

During the sludge treatment prior to digestion, the major difference is in the raw sludge centrate.

The AnMBR process has a weaker raw sludge centrate because the biomass contained in the
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SAnS has very little heterotrophic biomass and hence the solubilization of the particulate COD
is weaker. In the digestion, less CH4 is produced in the AnMBR model because the sludge

produced from the wastewater side is less, but the difference is small.

With respect to electricity, the generation from CH4 produced from the sludge of AnMBR is
approximately 12% less than if the activated sludge process (the baseline model) was used, as
shown in Table 5-15. However, this study disregards the electricity consumption of the original
activated sludge process, whilst the AnMBR is primarily assumed energy self-sustaining. In
this sense, the electricity consumption is reduced substantially by 33.9%, as is the electricity

deficit (by 57.7%).

Table 5-15 The electricity balance of the activated sludge and the AnMBR processes

Activated Sludge AnMBR
Primary Settlement, kWh/d 1217.1 1217.1
Aeration, kWh/d 20202.9 0.0
Fixed consumption, kWh/d 70278.9 58496.3
Sludge Treatment, kWh/d 6417.2 5143.6
Total Consumption, kWh/d 98116.1 64857.0
Electricity Generation, kWh/d 513522 45065.1
Electricity Deficit, kWh/d 46763.9 19791.9

The biggest uncertainty that affects the energy balance is whether the AnMBR process is able
to be energy self-sustaining. Martin et al. (2011) reported that the energy demand of the
submerged AnMBR varies from 0.03-3.57 kWh/m?. In this case study, the CH4 produced from
the AnMBR is 22,710m>x0.651kg/m*x55,500kJ/kg+3600kJ/kWh=227,923 kWh. While the
flow of raw wastewater is 277,236 m>/day, the energy produced from 1 m® wastewater is 0.82
kWh. Therefore, there is a possibility that the AnMBR is not energy self-sustaining. In the case
if the AnMBR requires 3.57 kWh energy to treat 1 m® influent, 989,732 kWh heat energy is
required. The heat deficit of the AnMBR will be 761,709 kWh. The implementation of the
AnMBR process would have a high degree of uncertainty. Moreover, although full scale
application has been reported, the requirement for COD concentration of the feed wastewater
is measurable in tens of thousands (Basile et al., 2015); in all four investigated WWTPs the
COD of the raw wastewater is no greater than 1,200 mg/L(Table 5-1), and of the settled

wastewater is no greater than 700 mg/L (Table 4-1).
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5.5 Chapter summary

This study constructed, calibrated and validated models for the wastewater and sludge
treatment processes of four WWTPs. In all cases the predicted results differed from the
observed results by no more than + 15%. These predicted results were then used to construct
COD and chemical energy mass balances for the WWTPs. Finally, the potential to improve
the energy efficiency of the WWTPs was investigated by modelling the impact of various

operational and process changes to the WWTPs.

The mass and energy balance of the four WWTPs shows that:

e the primary settlement captured 46.3 + 12.0% of influent COD and chemical energy in
the primary sludge. The remainder flowed into the secondary treatment.

e Activated sludge as the secondary biological treatment captured 44.4 = 15.5% of its
own influent COD and chemical energy in the SAS. Meanwhile, 42.2 + 13.0% of the
influent COD and chemical energy to the activated sludge is lost, potentially as CO».
The remaining 13.6 + 5.4% will leave the treatment works as final effluent.

e Overall, 69.7 + 12.8% of COD and chemical energy flowing into the works can be
captured in the sludge and sent for sludge treatment via digestion, and the rest is lost,

either to atmosphere or in the final effluent.

In the sludge treatment, due to several stages of thickening and dewatering prior to the digestion,
only 65.3% of the influent sludge energy actually reaches the digester, on average. Since the
digester has a 57.0% of energy recovery efficiency, 38.8% of the chemical energy fed to the
sludge treatment can be recovered as CHa, whilst 20.4% of the sludge energy remains in the
dewatered digested sludge, and approximately 30% of the sludge energy is left in the filtrates

and centrates.

On this basis, approximately 20-30% of the chemical energy in the raw wastewater has the
potential to be recovered as CHs. However, only 6-9% of the chemical energy in the raw
wastewater can be potentially recovered as electricity. In this study, even though the chemical
energy within the raw wastewater of the investigated WWTPs is 5-14 times higher than its

electricity consumption, the WWTPs are not always electricity self-sustaining.
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The results of this research suggest that it should be feasible to improve the energy balance at
WWTPs by:

e improving the efficiency of solids removal in primary settlement

¢ reducing the sludge retention time prior to the digestion

e recovering energy from the dewatered digested sludge via pyrolysis, and

e reducing the electricity consumption by replacing the activated sludge processes with

energy-generating anaerobic membrane reactor (AnMBR) units.

Modelling case studies were undertaken around these four areas, and results indicated that the
electricity deficit could be reduced by implementing operational and/or process changes.
However, some approaches have significant drawbacks and uncertainties. For example, the
coagulant used for improving the settling performance of the primary treatment may have
adverse effects on sludge digestion, and the energy balance of AnMBR units is highly uncertain.

The implementation in the real world needs further investigation.
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Chapter 6 Results and Discussion: Nitrogen and Phosphorus Mass

Balances of Wastewater Treatment Plants

This chapter presents the nitrogen and phosphorus balances of each process of the four WWTPs
studied (Section 6.1). Based on these balances the nutrient recovery opportunities from
wastewater and sludge are discussed in Section 6.2. Case studies are also presented, which
investigate the potential to improve nutrient recovery from sludge at WWTPs. In Section 6.3
the impact of implementing energy recovery technologies on the effectiveness of nutrient

recovery is discussed.

6.1 Nitrogen and phosphorus mass balance of individual treatment processes

6.1.1 Nitrogen and phosphorus mass balances of primary settlement units

The flow and concentration data predicted via modelling were used in the construction of the

nitrogen and nitrogen and phosphorus mass balances of primary settlement units.

In the case of WWTP A and D which have reactive settler, the sum of the total nitrogen (TN)
and total phosphorus (TP) of the sludge and effluent wastewater from the primary settlement
are >99% of the inflowing. The amount of TN and TP cannot be accounted for is considered as
loss but is negligible 1.e.<1.0%. Therefore, even there is the biological sludge is recirculated
back to the primary settlement, the TN and TP loss caused by the biological reaction can be
ignored. The difference of the inflowing and outflowing TN and TP is smaller than 1.0%, and
hence both the nitrogen and phosphorus mass balance is considered reliable. The mass balance

is shown in Figure 6-1.

In terms of the distribution pattern, after primary settlement, 8-22.8 % of inflowing TN and
16.1-50.5 % of inflowing TP is captured in the primary sludge and 76.7-92.0% of the inflowing
TN and 49.6-83.9% of inflowing TP remains in the primary effluent.

The TN and TP captured by the primary sludge is positively related to the COD captured by

the primary sludge (shown in Figure 5-5). The main removal mechanism in the primary
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settlement tanks is physical settling of particulates (Tchobanoglous et al., 2003). The particulate
nitrogen and phosphorus settled and captured in the primary sludge is proportional to the COD
settled in primary sludge. In the case of WWTP A, the TP captured by the primary sludge is
substantially higher than in the other three treatment plants. That is because this site has ferric
dosing and hence part of the soluble phosphate is converted into particulate ferric phosphate

which then settles (Tchobanoglous et al., 2003).

WWTP A WWTP B
Influent = Effluent Influent = Effluent
TN:100% Primary TN:76.8% | TN:100% Primary TN:81.2%
(463.1 kg) Settlement (355.4kg) | (2.83 tonnes) Settlement (2.30 tonnes)
TP:100% TP:49.6% TP:100% TP:73.8%
(77.1kg) (38.3kg) |(0.45 tonnes) (0.33 tonnes)
Sludge Sludge
TN:22.6% TN:18.8%
(104.6 kg) (0.53 tonnes)
TP:50.4% TP:26.2%
(38.8 kg) (0.12 tonnes)
WWTP C WWTP D
Influent . Effluent Influent X Effluent
TN:100% Primary TN:92.0% | TN:100% Primary TN:85.0%
(15.5 tonnes) Settlement (14.2 tonnes) | (1189.9 kg) Settlement (1019.3 kg)
TP:100% TP:83.9% TP:100% TP:64.8%
(3.02 tonnes) (2.53 tonnes) | (148.5 kg) (98.0 kg)
Sludge Sludge
TN:8.0% TN:14.5%
(1.3 tonnes) (173.9kg)
TP:16.1% TP:35.2%
(0.49 tonnes) (50.5 kg)

Figure 6-1 The nitrogen and phosphorus mass balances of primary settlement in a daily basis at the four

WWTPs investigated

At the four study WWTPs the percentage of the influent TP captured in the primary sludge is
greater than the percentage of TN. That is likely because in the raw wastewater of each plant
the ratio of the estimated particulate phosphorus to TP is greater than the ratio of the estimated
particulate nitrogen to TN (consists of mainly the total Kjeldahl nitrogen (TKN)), as shown in
Table 6-1. Using WWTP C and D (which have no ferric dosing for phosphate removal) as
examples, particulate phosphorus is 36.2% of TP for WWTP C and 58.3% for WWTP D. This
is approximately twice the particulate nitrogen percentage of TN (16.3% for WWTP C and
21.8% for WWTP D).
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Table 6-1 The particulate phosphorus, TP, the particulate nitrogen and TN of the raw wastewater of the four

study WWTPs
particulate TKN TKN, mg/L. TN, mg/L particulate phosphorus TP
WWTP A 13.3 50.9 51.16 4.38 8.52
WWTP B 15.1 56.93 56.93 1.82 9.13
WWTP C 9.06 55.5 55.5 3.92 10.82
WWTP D 6.93 31.83 32.13 2.32 3.98

Literature values suggest that the percentage of nitrogen captured in primary sludge is only 10-
25 % (Kristensen et al., 2004, Sétemann et al., 2006). Therefore, 75-90 % of nitrogen in
wastewater treatment works flows to the secondary treatment process. For phosphorus removal,
if there is no chemical dosing, 75-80 % of the phosphorus to the treatment works will flow to
secondary treatment. If chemical dosing is used then 18-80% of the phosphorus mass entering
primary settlement will flow to secondary treatment (Kristensen et al., 2004, Grizzetti and
Bouraoui, 2006) and Grizzetti and Bouraoui (2006). The nitrogen and phosphorus mass

balances reported in this study are similar to these literature values.

6.1.2 Nitrogen and phosphorus mass balance of secondary biological treatment as activated

sludge

The flow and concentration data predicted via modelling were used in the construction of the

nitrogen and nitrogen and phosphorus mass balances of activated sludge.

In all four activated sludge systems the differences between inflowing and outflowing
phosphorus mass are negligible. The phosphorus mass balance is considered reliable. The
nitrogen mass balance of the activated sludge process of WWTP B and C are also considered
reliable because the inflowing nitrogen loading equals the outflowing. For WWTP A and D,
their nitrogen balances are not closed because part of nitrogen is missing from the sludge and
wastewater effluent suggested by the modelling results. The missing nitrogen loading is
assumed left as gaseous product to the atmosphere. The nitrogen and phosphorus mass of the

activated sludge process and its subsequent clarification is shown in Figure 6-2.
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WWTP A Influent WWTP B Influent
— TN:100% e TN:100%
(296.1 kg) (2.30 tonnes)
TP:100% TP:100%
(31.9kg) (0.33 tonnes)
> Gas : Gas
Activated TN:12.0% Activated TN:0%
Sludge (35.6 kg) Sludge TP:0%
TP:0%
(0.0kg)
Sludge Gas Sludge Gas
TN:26.2% Secondary TN:10.8% TN:30.8% Secondary TN:0%
(77.6 ke) Clarification (31.9kg)  ((0.71 tonnes) Clarification TP:0%
TP:67.2% TP:0% TP:66.1%
(21.4 kg) (0.0kg) (0.22 tonnes)
Effluent Effluent
TN:51.0% TN:69.2%
(151.0 kg) (1.59 tonnes)
TP:32.8% TP:33.8%
(10.5 kg) (0.11 tonnes)
WWTP C Ll WWTP D Influent
TN:100% TN:100%
(14.24 tonnes) (1019.3 kg)
TP:100% TP:100%
(2.53 tonnes) (98.0kg)
2 G . Gas
Activated 0% Activated TN:32.7%
Sludge TP:0% Sludge (333.7 kg)
TP:0%
(0.0kg)
Sludge Gas Sludge Gas
TN:15.4% Secondary TN:% TN:16.5% Secondary TN:6.5%
Clarification TP:0% (167.7 ke) Clarification (66.5 kg)
TP:39.4% TP:0%
(38.6 kg) (0.0 kg)
Effluent Effluent
TN:84.6% TN:44.3%
(12.05 tonnes) (451.4 kg)
TP:55.9% TP:60.6%
(1.41 tonnes) (59.4 kg)

Figure 6-2 The nitrogen and phosphorus mass balances of secondary biological treatment in a daily basis at the

four WWTPs investigated

The percentages of TN and TP captured by the surplus activated sludge (SAS) are also
positively proportional to the COD captured by the SAS (Figure 5-12). However, the reason
for this relationship does not appear to be the same as in the primary settlement (the proportion
of TN and TP that is in particulate form). The proportion of nutrient captured in the SAS

appears mainly to be because of biomass assimilation. The biomass requires carbon, nitrogen
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and phosphorus to grow (Droste, 1997, Tchobanoglous et al., 2003). The biomass grown is
generally expressed as CsH702NPg 074 (Droste, 1997), and the GPS-X model expresses it as
CsH702No.8P0.1K0.02Mgo.02Cao.01. Thus, if more biomass is produced, a greater percentage of
TOC (also COD) is captured in the SAS in the form of biomass, and the same applies to the

nitrogen and phosphorus.

This study found that a considerable amount of nitrogen is lost in the aeration and final
clarification units in WWTPs A and D, whereas this is not the case in WWTPs B and C.
Unintentional denitrification during aeration and final clarification has been reported
previously (Flores-Alsina et al., 2010, Ji et al., 2015, Satoh et al., 2003), and that may be the
reason for N loss in WWTPs A and D. For denitrification to occur there must be a good source
of nitrate and an anoxic environment (Tchobanoglous et al., 2003). WWTPs B and C do not
include a nitrification process. Hence no nitrate is produced and there is no denitrification.
WWTPs A and D do have nitrification, and hence nitrate is available and denitrification is

possible.

The anoxic environment is formed differently in the activated sludge tank than in the final
clarification. Denitrification occurs in the aerated activated sludge due to a low DO
concentration, which means that the inner core of the biomass floc remains in an anoxic
condition (Tchobanoglous et al., 2003, Ji et al., 2015). Wilson and Bouwer (1997) reported the
threshold DO that inhibits denitrification ranges from 0.08-7.9 mg/L. In this study, the DO
concentrations of WWTP A and WWTP D are 2.0 mg/L and 0.66 mg/L respectively. They both
smaller than the highest reported threshold DO of 7.9 mg/L. Therefore, denitrification could
take place. In the final clarification, since there is has no aeration involved, anoxic or anaerobic
condition is formed naturally (Flores-Alsina et al., 2010). This also potentially enables the

denitrification.

Denitrification requires not only nitrate but also a source of readily biodegradable substrate
(Tchobanoglous et al., 2003). The activated sludge tank is likely to have sufficient substrate for
more denitrification to occur because it is where the substrate rich primary effluent first flows.
But the final clarification, which is after the activated sludge process, may have less available
substrate. Thus, less denitrification is likely during final clarification than in the activated

sludge process.
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The nitrogen loss can also be attributed to nitrous oxide (N20O), which is an intermediated
product of the denitrification process (Foley et al., 2010). However, because the gaseous
product was not collected in the sampling campaign, it was not possible to confirm the

production of N>O during this study.

Apart from causing potential nitrogen loss, the nitrification also affects the composition of the
nitrogen compounds in the activated sludge treated effluent. As shown in Table 6-2, for
WWTPs A and D with nitrification, the nitrate and nitrite nitrogen (NO3-N and NO>™-N)
contributes 42.6-78.4% of the TN, whilst for WWTPs C and D, the ammonium nitrogen (NH4"-
N) contributed 85.5-93.9% of the TN.

Table 6-2 The predicted concentrations of different types of nitrogen of the activated sludge treated effluent at
the four WWTPs investigated

NH4*-N, mg/L NO2-N, mg/L NOs-N, mg/L TN, mg/L
WWTP A 0.9 2.4 13.7 20.5
WWTP B 31.9 0.0 0.0 339
WWTP C 38.0 0.0 0.0 44.4
WWTP D 3.0 0.6 4.7 12.2

6.1.3 Nitrogen and phosphorus mass balance of sludge thickening and dewatering

The flow and concentration data predicted via modelling were used in the construction of the

nitrogen and nitrogen and phosphorus mass balances of sludge thickening and dewatering.

The differences between inflowing and outflowing nitrogen and phosphorus mass of each
sludge thickening and dewatering facility were <0.5% and were negligible. Therefore, the mass
balances are considered closed. The nitrogen and phosphorus mass balances of each thickening

and dewatering processes in WWTP C are shown in Figure 6-3.
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Wet Sludge Filtrate Wet Sludge Filtrate
TSS:100% TSS:10.4% TSS:100% TSS:20.2%
VSS:100% » VSS:9.1% VSS:100% ‘ VSS:19.6%
TN:100% TN:11.7% TN:100% TN:22.4%

(2.53 tonnes) (0.30 tonnes) | (2.19 tonnes) (0.49 tonnes)
TP:100% TP:24.4% TP:100% TP:17.1%
(0.89 tonnes) (0.22 tonnes) | (1.12 tonnes) (0.19 tonnes)

Thickened Sludge Thickened Sludge
TSS:89.6% TSS:79.8%
VSS:90.9% VSS:80.4%
TN:88.3% TN:77.6%
(2.23 tonnes) (1.70 tonnes)
TP:75.6% TP:83.9%
(0.67 tonnes) (0.93 tonnes)

Wet Sludge Centrate Wet Sludge Centrate
TSS:100% TSS:13.4% TSS:100% = TSS:13.9%
VS5:100% Raw VSS:9.6% VSS:100% » Digested VS5:6.5%
TN:100% Centrifuge TN:29.8% TN:100% Centrifuge TN:52.1%

(3.93 tonnes) (1.17 tonnes) | (3.78 tonnes) (1.97 tonnes)
TP:100% TP:39.6% TP:100% TP:26.2%
(1.60 tonnes) (0.63 tonnes) | (0.96 tonnes) (0.25 tonnes)

Dewatered Sludge Dewatered Sludge
TSS:86.6% TSS:86.1%
VSS:90.4% VSS:93.5%
TN:70.2% TN:47.9%
(2.76 tonnes) (1.81 tonnes)
TP:60.4% TP:73.8%
(0.97 tonnes) (0.71 tonnes)

Figure 6-3 The nitrogen and phosphorus mass balances of the sludge thickening and dewatering processes in

WWTP C

The percentage TN, TP, TSS and VSS mass distributed in the filtrates or centrates and in the
thickened sludge are similar to each other in the drum thickening of primary sludge and SAS,
particularly in the case of the SAS thickening. In both cases, the numerical differences of the
percentage mass distributed in the filtrates and in the thickened sludge between the four
substances are relatively small. However, the difference becomes substantial in the dewatering
of the raw sludge and digested sludge. As shown Figure 6-3, in the raw centrifuge and digested
centrifuge, the percentage TN and TP mass distributed in the centrate were 188%-801% of the
percentage TSS and VSS mass distributed in the centrate. This is because the portion of the
particulate TN and TP supposed to be captured in the sludge is solubilized in to ammonium and
phosphate due to the hydrolysis and fermentation after long storage times or digestion, and
hence remains in the centrate (Bouzas et al., 2007, Miinch and Barr, 2001). Therefore, the
composition of the TN and TP in different filtrates or centrates is highly varied, as shown in
Table 6-3. In the primary sludge filtrate and SAS filtrate, the soluble fraction accounts
commonly for no more than 60% of the total nutrient. But in the raw sludge centrate, the soluble

PO4* - P accounts for 55.5% of TP and soluble NH4*-N accounts 82.2% of the TN. In the
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digested sludge centrate, the soluble PO4>- P accounts for 68.5% of the TP and the soluble
NH4"-N accounts 85.8% of the TN.

Table 6-3 Nutrient concentration of different filtrates or centrates

NH4*-N, mg/L TN, mg/L PO4*- P, mg/L TP
Primary sludge filtrate 164.6 273.9 31.7 200.3
SAS filtrate 40.6 88.5 5.7 344
Raw sludge centrate 491.3 597.8 178.7 322.0
Digested sludge centrate 2238.7 2608.7 228.5 333.7

6.1.4 Nitrogen and phosphorus mass balance of anaerobic digestion

The flow and concentration data predicted via modelling were used in the construction of the

nitrogen and nitrogen and phosphorus mass balances of anaerobic digestion.

After anaerobic digestion, the inflowing nitrogen and phosphorus remain in the digested sludge.
This matches the reported findings that almost all of the nutrient content remains in the

digestate (Shi, 2011, Rasi, 2009).

6.2 Discussion of the recovery opportunities based on plant wide mass balances

6.2.1 Nutrient product of wastewater treatment

The nitrogen and phosphorus balances of all four WWTPs were constructed from the result
predicted via modelling and are presented in Figure 6-4. The nitrogen and phosphorus missing

from the outflowing sludge and wastewater are considered loss.

As shown in Figure 6-4, WWTPs can be considered as reactors with three outputs: the gas, the
final effluent, the sludge. Generally, the recovered nutrient is for fertilizer use (Mayer et al.,
2016). To evaluate whether WWTP outputs are a product or not depends on whether the
nitrogen and phosphorus contained within the products of wastewater treatment are fertile and

whether there is potential to recover them.

If a WWTP includes a nitrification or denitrification process a portion of the nitrogen could
end in the output gas (Siegrist et al., 1995, Foley et al., 2010, Tchobanoglous et al., 2003). In
this study, WWTP A and WWTP D both possess a nitrification process. 17.9 % of the inflowing

TN to WWTP A ends in the gas, and for WWTP D is 33.9% is lost as gas. The main ingredient
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of this nitrogen stream is expected to be nitrogen, although sometimes N>O will occur as well
(Kim, 2013, Flores-Alsina et al., 2010, Tchobanoglous et al., 2003). Although the nitrogen in
the gas output is considerable in WWTPs A and D, irrespective of whether it is present as N»
or N2O it will have no fertility (Mayer et al., 2016). Hence, for nitrogen recovery from
wastewater the gas output is not considered a product and may even be considered a loss since

the denitrification process converts the valuable ammonium into N>, which has no value.

The predicted phosphorus mass balance suggests that the phosphorus only exists in the

outflowing sludge and wastewater but not present in the gas output.

Loss Loss
TN:17.9% TN:0%
(82.8 kg) TP:0%
TP:0%
(0.0kg)

Influent Effluent Influent Effluent
TN:100% TN:38.9% TN:100% TN:56.2%
(463.1 kg) (180.1kg) | (2.83 tonnes) (1.59 tonnes)
TP:100% TP:15.3% TP:100% TP:25.0%
(77.1kg) (11.8kg) (0.45 tonnes) (0.11 tonnes)

Sludge Sludge
TN:43.2% TN:43.8%
(200.2 kg) (1.24 tonnes)
TP:84.7% TP:75.0%
(65.3 kg) (0.34 tonnes)

Loss Loss
TN:0% TN:33.9%
TP:0% (405.8 kg)
TP:0%
(0.0kg)

Influent Effluent Influent Effluent

TN:100% TN:77.8% TN:100% TN:37.6%
(15.48 tonnes) 12.04 tonnes)| (1198.9 kg) (451.4 kg)
TP:100% TP:46.8% TP:100% TP:40.0%
(3.02 tonnes) (1.41 tonnes) | (148.5 kg) (59.4 kg)
Sludge Sludge
TN:22.2% TN:28.5%
(3.44 tonnes) (341.7 kg)
TP:53.2% TP:60.0%
(1.61 tonnes) (89.1kg)

Figure 6-4 The nitrogen and phosphorus balances of the four WWTPs investigated
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Unlike the COD mass balance and chemical energy balance, the percentage of influent nitrogen
and phosphorus left in the final effluent is considerable, especially for WWTP B and C which
do not have nitrification processes (more than 55% of the inflowing nitrogen remains in the

final effluent). Therefore the final effluent represents a good reserve of nutrient.

Nutrients can be recovered from secondary effluent via ion exchange or in an algal reactor.
Both technologies are able to recover the cation NH4" and the anions POs* and NOs

simultaneously (Wang et al., 2010, Kim and Benjamin, 2004, Liberti et al., 1981).

For ion exchange, a resin or zeolite is first used to capture the nutrient ion. Resin or zeolite
have functional groups with electric charges. The resin or zeolite with a positive charge
captures anions, and those with negative charges capture the cations. When the functional
group of the resin or zeolite is completely replaced by the nutrient ion, they will are washed
with strong ionic strength solution, such as NaOH or H2SOs, to restore the ion exchange
capacity by removing the nutrient from the functional group (Deng, 2014). The volume of the
washing solution is commonly much less than the volume of the wastewater treated. Hence,
the concentration of nutrient is elevated and is suitable for fertilizer production, such as in the

form of Struvite (Deng, 2014).

Algal reactors can uptake nitrogen and phosphorus nutrients simultaneously if the correct algal
species are in place (Wang et al., 2010). After the algae is harvested, dewatered, and chemically
or thermally destroyed, the nutrient stored in the algal cell either ends up in the liquid product
or in the solid residue (Shakya et al., 2017, Cai et al., 2013). The liquid product has a high
concentration of NH4" and PO4>". As with the wash solution from ion exchange, it is suitable
for struvite production (Shakya et al., 2017). The solid residue can be used as a bio-solid and

applied on land for agricultural usage (Cai et al., 2013).

As shown in Table 6-2, the nitrification affects the composition of ammonium, nitrate and
nitrite in activated sludge treated effluent. Although the three nitrogen compounds can all be
recovered from the wastewater directly via algal reactor or ion exchange, the production of
nitrate and nitrite may cause nitrogen loss. In the case of WWTP A and D, part of the nitrogen
is lost as nitrogen gas in the activated sludge and subsequent final clarification processes, likely

due to unintentional denitrification (Foley et al., 2010, Siegrist et al., 1995, Ji et al., 2015). But
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WWTPs B and C, which have no denitrification, do not suffer such losses. Therefore, removing
the nitrification process might prevent the nitrogen loss. Moreover, in the modelling of WWTP
B, changing the adjusted growth rate of ammonium oxidizers from 0.91 (calibrated value) to
1.20 enables nitrification, and the ammonium concentration changes from the original
predicted value of 31.9 mg/L to just 2.6 mg/L. Modelling results therefore suggest that this
amendment to the treatment process increases the predicted airflow to the activated sludge tank
from 152,400 m3/d to 331,500 m?/d, because nitrification requires extra oxygen to oxidize the
ammonium to nitrate. Consequently, the electricity consumption for aeration would likely be
increased. Removing the nitrification process not only prevents nitrogen loss, allowing greater

amounts of nutrient available for potential recovery, but also saves energy.

However, such ion exchange and algal reactor technologies are not widely applied. For ion
exchange, it has not yet been applied at full scale, and its adaptability to variable flows regime
is uncertain (Bunce et al., 2018). For algal reactors the bottleneck is their long HRT and high
temperature requirement (Wang et al., 2010). HRT values measurable in days require much
larger footprints than existing treatment processes which require HRT values of only a matter
of hours, or up to a day. Moreover, the optimal algal growth rate requires high temperatures

and extra heat input in cold climates (Wang et al., 2010).

The remaining output of the wastewater treatment is the sludge. 22.2-43.8% of nitrogen and
53.2-84.7% of the phosphorus flowing into the works are captured in the sludge in the four
studied WWTPs (shown in Figure 6-4). The sludge produced can be a product as it can be
applied on land directly (DEFRA, 2018), or it can be deemed as an intermediate product
because in some cases the sludge is subjected to anaerobic digestion before the final product is

utilized (Miinch and Barr, 2001).

6.2.2 Nutrient product of sludge treatment

A mass balance for the sludge treatment was only investigated for treatment plant WWTP C.
This mass balance constructed from the predicted result obtained via modelling is shown in

Figure 6-5.
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INPUT PROCESS Output

) A Filtrate and centrate
Indigenous Primary Sludge .
sludge and SAS Primary sludge and SAS filtrate:
TN: 5.1% (13.7%) TP: 13.5% (20.3%)

Thickening

TN: 22.3% (59.9%)

TP: 53.2% (80.1%) Raw sludge centrate:

TN: 7.6% (20.5%) TP: 21.0% (31.6%)

Raw Sludge

S Digested sludge centrate:

TN: 12.7% (34.3%) TP: 8.3% (12.6%)

Imported
Sludge

TN: 8.2% (22.3%)

CH, |
TP: 13.2% (19.9%)

g TN: 0 % (0%) TP: 0% (0%)

Anaerobic
Digestion

Imported
Dewatered

Sludge Digested
TN: 6.6% (17.8%) Sludge
TP: 0.0% (0.0%) Dewatering

Dewatered Digested Sludge

TN: 11.7%(31.5%) TP: 23.6%(35.5%)

Figure 6-5 The nutrient balance for the sludge treatment process of WWTP C

(The value shows in the () are the percentage mass balance using the TN and TP inputted to the sludge treatment

as reference)

The TN and TP input to the sludge treatment process are from the indigenous sludge, imported
sludge and imported dewatered sludge, and are equivalent to 37.1% of the TN and 66.3% of
the TP flowing into WWTP C. As shown in Figure 6-5, during sludge treatment 68.5% of the
sludge TN and 64.5% of the sludge TP ends up in the filtrates and centrates, and 31.5% of the
sludge TN and 35.5 % of the sludge TP remain in the dewatered digested sludge. Similar same
proportions of TN and TP are found end up in filtrates and centrates and digested sludge
respectively. Shi (2011) studied the nutrient mass balance of a sludge treatment only has sludge
thickening of SAS and digested sludge and a conventional sludge anaerobic digestion. It
suggested that 50.4 % of the sludge TN and 47.5 % of the sludge TP ends up in the filtrates and
centrates, and the rest the sludge TN and TP remain in the dewatered digested sludge. It is
likely that more sludge thickening and dewatering process will increase the proportion of
nutrient distributed in the filtrates and centrates, though this is based on two studies and would

therefore need further investigation.
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Although energy and nutrient recovery occur in the same sludge treatment process, the
definition of product varies in the two recovery processes. Biogas is categorized as a product
from an energy recovery perspective. However, biogas contains very little nutrient, which
largely remains in the filtrates, centrates and dewatered digested sludge (as shown in Figure 6-
5). The filtrates and centrates can be processed for nutrient recovery and the sludge is already
anutrient product (DEFRA, 2018, Miinch and Barr, 2001). Therefore, the filtrates and centrates
are considered an intermediate product and the dewatered digested sludge is categorized as a

product.

6.2.3 Nutrient recovery potential from wastewater

Since the dewatered digested sludge contains appreciable amounts of nitrogen and phosphorus
it can be applied to land as fertilizer (DEFRA, 2018). Therefore, it is still a product. In 2010,
approximately 80% of the UK sewage sludge was reused on land (DEFRA, 2012). As shown
Figure 6-5, 31.5% of the sludge TN and 35.5 % of the sludge TP remain in the dewatered
digested sludge in the sludge treatment process of WWTP C. Although WWTPs A, B and D
has no sludge digestion treatment, assuming their sludge produced from the wastewater
treatment will share the same distribution pattern as found in the sludge treatment of WWTP
C, the percentage TN and TP could be kept in their dewatered digested sludge are estimated

empirically and shown in Table 6-4

Table 6-4 The estimated percentage TN and TP kept in the dewatered digested sludge

) . P .
A)Tsﬁl (;ag?:zf: m Estimated % TN A):ll:l;aztfl:_:ﬁg m Estimated % TP
was;gewa ter ends in digested was;gewa ter ends in digested
. sludge** . sludge***
treatment treatment
WWTP A 43.2% 13.6% 84.7% 30.1%
WWTP B 43.8% 13.8% 75.0% 26.6%
WWTP C 22.2% 7.0% 53.2% 18.9%
WWTP D 53.2% 16.8% 60.0% 21.3%

*: Collected from Figure 6-4

**. Estimated TN ends in digested sludge = TN captured in sludge from wastewater treatment x31.5%

**: Estimated TP ends in digested sludge = TP captured in sludge from wastewater treatment x35.5%

The result shown in Table 6-4 suggested that approximately 7-17 % of the TN and 19-30% of
the TP inflowing to the four WWTPs could be kept in the dewatered digested sludge. The result

also suggested that the dewatered digested sludge retain greater percentage TP inflowing to the

WWTP than TN.
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Besides applying the dewatered digested sludge on land, nutrient recovery from sludge can be
via the most well-known struvite process, which converts NH4-N and PO4*"-P into
Mg(NH4)PO4 with the introduction of Mg?" in a suitable pH range of 8-10 (Nelson et al., 2003).
Mg(NH4)POys is a slow release fertilizer and its industrial-scale commercial production from
sludge return liquor is proven (Ostara, 2010). For a WWTP with a more stringent nutrient
consent, the additional nutrient loading (due to the recirculation of nutrient rich filtrates and/or
centrates back to head of the work) might cause problems. Moreover, it may increase the
operational cost since, for example, more oxygen would be needed for the nitrification of the
ammonium and hence there would energy consumption for aeration (see Section 6.2.1). Also,
extra chemicals (e.g.iron or aluminum salts) may be needed for removal of the additional
phosphate (Ivanov et al., 2009). Nutrient recovery from sludge filtrates and/or centrates would
have two benefits: (1) recovery of valuable nitrogen and phosphorus, and (2) relieving pressure
on the wastewater treatment process, especially where a stringent nutrient effluent consent is

enforced (Jaffer et al., 2002, Miinch and Barr, 2001).

Although both dewatered digested sludge and struvite are products of nutrient recovery, the
nutrient contained per unit weight of the product is different. The dewatered digested sludge
collected in the sampling campaign of this research has a TS% of 28.4%, a TN/TS% of 5.2%
and a TP/TS% of 1.8% (shown in Table 4-6). A gram of dewatered digested sludge contains
28.4%x5.2%x1g=0.015 g nitrogen and 28.4%x1.8%x1g=0.005g phosphorus. A according to
the chemical composition of struvite (Mg(NH4)PO4-6H>0), a gram of struvite contains 0.057g
nitrogen and 0.126g phosphorus. The nutrient content in the struvite is denser than the
dewatered sludge, which could save the haulage of the product. Moreover, struvite is not only
a fertiliser, but is also a chemical product for which there are industrial uses, such as the

production of fire-resistant panels and cement (Mayer et al., 2016).

The struvite process is viable if at least 20 mg/L NH4* (15.6 mg/L NH4*-N) and 106 mg/L PO4*
(34.6 mg/L PO4*-P) are present simultaneously (Stratful et al., 2001). From the data shown in
Table 6-3 and Figure 6-5, among the four filtrates and centrates, raw sludge centrate and
digested sludge centrate are the ideal reserves for recovery because (1) >40% of the sludge TN
and TP are retained in these centrates and (2) the NH4"-N and PO4*-P concentration of both
centrates are typically hundreds or even thousands of mg/L. In contrast the NH4*-N and PO4*—

P concentrations of the primary sludge filtrate and SAS filtrate are only just enough to meet the
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minimum requirement for the struvite process (shown in Table 6-3). Struvite recovery therefore

commonly targets the digested sludge centrate (Miinch and Barr, 2001). Nevertheless, as shown

in Figures 6-5, digested sludge centrate has the highest TN loading, and raw sludge centrate

has the highest TP loading.

From the data shown in Table 6-3 and Figure 6-5,

e 20.4% of sludge TN is kept in the raw sludge centrate and 82.2% of it is NH4"-N, then

the NH4"-N in the raw sludge centrate accounts for 20.4%x82.2% =16.8% of sludge
TN feed to the sludge treatment

31.6% of sludge TP is kept in the raw sludge centrate and 55.5% of it is PO4*-P, then
the PO4*-P accounts in the raw sludge centrate for 31.6%x55.5% =17.5% of sludge TP
feed to the sludge treatment

34.3% of sludge TN is kept in the digested sludge centrate and 85.8% of it is NH4"-N,
then the NH4"-N of the digested sludge centrate accounts for 34.3%x85.8% =29.4% of
sludge TN feed to the sludge treatment

12.6% of sludge TP is kept in the digested sludge centrate and 68.5% of it is PO4>"-P,
then the PO4>"-P of the digested sludge centrate accounts for 12.6%x68.5% =8.6% of
sludge TP feed to the sludge treatment

On this basis, similar to the approach of estimating the percentage TN and TP kept in the

dewatered digested sludge, the percentage of TN and TP inflowing to the work and existing as

NH4"-N and PO4*-P in the centrate can be estimated. The estimations of four WWTPs are
shown in Table 6-5.

Table 6-5 The estimated percentage TN and TP (existing as NH4"-N and PO4>-P) kept in the raw sludge centrate

and digested sludge centrate

% TN as

%TN as %TN as P o i T%P as %TP as PO4*

NHs-N  NH¢*-Nin Tf;%’fn'&' A’_?;:;];(C)“ PO4-Pin -Pin RSC

in RSC! DSC? DSC DSC! and DSC!
WWTPA  72% 12.7% 20.0% 14.9% 7.3% 22.2%
WWTPB  7.3% 12.9% 20.2% 13.2% 6.5% 19.6%
WWTPC  3.7% 6.5% 10.3% 9.3% 4.6% 13.9%
WWTPD  8.9% 15.7% 24.6% 10.5% 5.2% 15.7%

1: RSC =Raw sludge centrate

2: DSC = Digested sludge centrate
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The result shown in Table 6-5 suggested that approximately 10-20 % of the TN and 14-22% of
the TP inflowing to the four WWTPs could exist as NH4*-N and PO4*-P and be kept in the raw

sludge centrate and digested sludge centrate for potential struvite recovery.

According to the chemical composition of Mg(NH4)POs, the mass ratio between the nitrogen
(molar mass=14) and phosphorus (molar mass=31) is 1:2.2. Thus, not all the available TN and
TP could be recovered into the struvite simultaneously. In some cases the remaining NH4"-N
will be treated using the Anammox process, which converts the NH4"-N back to non-fertile N»
gas (Desloover et al., 2011). However, further recovery can be achieved. Due to the instability
of NH4"-N in alkaline conditions and its thermal instability, the redundant ammonium can be
stripped from the sludge filtrate and/or centrate in the presence of heat and at a suitable pH
(Bonmat1 and Flotats, 2003). After the NH3 gas is stripped off the liquid, it will contact the
acidic solution which converts NH3 back to NH4". This s kept and concentrated in the solution.
The NH4" rich solution can then be further processed for fertilizer production (Bonmati and

Flotats, 2003, Deng, 2014).

Based on the data shown in Table 6-4 and 6-5, approximately 17-41% of TN and 33-52% of
TP inflowing to the work could be kept in the dewatered digested sludge for later land
application or ends as NH4"-N and PO4>~P in the raw sludge centrate and digested sludge
centrate for fertilizer recovery. Table 6-4 and 6-5 also suggest that the greater percentage of
nutrient captured in the sludge in the wastewater treatment leads to a greater nutrient recovery
potential, for instance, among four WWTPs, WWTP D captured the greatest percentage TN
inflowing to the work, this leads to WWTP D has the greatest nutrient recovery potential of the

dewatered digested sludge and of the raw sludge centrate and digested sludge centrate.

6.3 Case studies of nutrient recovery

As stated in section 6.2, nutrient recovery is current conducted in the sludge treatment, from
the sludge dewatering centrates and the dewatered digested sludge. Therefore, this study first
examines the potential impact of greater nutrient being captured from the sludge via chemical
dosing or enhanced biological process prior to it being fed to the sludge treatment (Section
6.3.1).
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Moreover, implementation of a particular recovery technology may impact the overall material
mass balances of WWTPs. In Section 5.4, three case studies are presented in which options for
improving the energy balance and they are:

e Improving solids removal efficiency in the primary settlement (Section 5.4.1)

e Reducing the sludge retention time prior to digestion (Section 5.4.2) and

e Replacing the activated sludge processes with an energy-generating anaerobic

membrane reactor (Section 5.4.4).

Since these three case studies are found will impact both the wastewater and the sludge COD

mass balance, Section 6.3.2 to 6.3.4 study their potential impact to the nutrient recovery.

The key criteria used to evaluate each of the improved energy recovery options case studies is
the change in NH4+"-N and PO,*-P loading in the raw sludge centrate and digested sludge
centrate where the struvite recovery could be implemented. Also, the change of nutrient mass
distribution pattern between the final effluent and digested dewatering sludge will be examined

for identifying the potent nutrient reserves.

6.3.1 Case study: Benefits to nutrient recovery of enhancing nutrient removal during

wastewater treatment

6.3.1.1 Introduction

This study aims to capture more nutrient into the sludge. This study mainly focuses on the
phosphorus since applications of the chemical dosing in primary settlement or an Enhance
Biological Phosphorus Removal (EBPR) activated sludge process can improve capturing of

phosphorus into the sludge (Tchobanoglous et al., 2003).

6.3.1.1 Method

A conceptual model named CM-5-1 is developed from the conceptual model CM-4-1 (Section
5.4.1.2, shown in Figure 5-19) which has a solid removal efficiency (of primary settlement) of
0.4. A chemical dosing unit using ferric sulphate is added for enabling the chemical phosphate
removal. Moreover, a virtual anaerobic “Plug Flow Tank” with a set DO of 0 mg/L is added in
front of the original “Plug Flow Tank” for enabling the EBPR process. The volume of the
original “Plug Flow Tank” is set as 99,609 m*® instead of the original volume of 33,203 m?.
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Moreover, the maximum growth rate of ammonia oxidizer of the original “Plug Flow Tank™ is

set to 0.001 to prevent nitrification. Other settings all remain the same. The model of the CM-

5-1 is shown in Figure 6-6.

Raw Ferric Virtual sCOD Primary
Wastewater Dosing Removal Settlement

mmm

Anaerobic Aerobic Final .
Zone Zone Clarification Discharge

Primary Sludge SAS Filtrate
. Primary Filtrate Returned SAS Returned to
Primary Sludge. . to Head of the Storage SAS Drum Head of the
Storage Tank S 'Il"lh'ile;e[;trm Work Tank Thickener Work
1

e a Ben

Raw Sludge

Centrate
Raw Sludge Raw Sludge Returned to Head
Storage Tank Centrifuge of the Work

L Hl—e—— =W

Sludge sent to Digestion

[

Figure 6-6 The CM-5-1 model

Three scenarios are investigated in this case study. The variables adjusted are the chemical
dosing rate and the volume of the anaerobic tank.
e In the baseline scenario, the model used is called the baseline model and is with a zero
chemical dosing rate and the volume of the anaerobic tank is set as only 1 m>.
e In the second scenario, the model used is called the ferric dosing model and is with
8,900 kg/d of ferric sulphate dosing and the volume of the anaerobic tank is set as only
1 m®. Hence, the extra phosphorus captured in the primary sludge is purely from the
chemical dosing.
e In the third scenario, the model used is called the EBPR model and is with a zero
chemical dosing rate and the volume of the anaerobic tank is set as only 33,203 m>. The

extra phosphorus captured in the sludge is all contained the biological sludge.

The predicted flow and concentrations are then used to demonstrate the influence to nutrient

mass balance of the system.
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6.3.1.3 Results and discussion

The modelling result shows that the Ferric dosing and EBPR are both able to capture more
phosphorus in the sludge in the wastewater treatment process (as shown in Table 6-6). In both
cases, approximately 75-80% of the phosphorus to the WWTP is captured in the sludge whilst
the baseline model only captures approximately 46%. Meanwhile, there is no substantial
impact to the nitrogen as the percentage of nitrogen captured in the sludge remains at

approximately 21% in all three cases.

Table 6-6 The TN and TP percentage mass balance of the baseline, ferric dosing and EBPR models
Baseline Model Ferric dosing model EBPR model

Percentage TN in final effluent 80.4% 79.0% 79.2%
Percentage TN loss in biological treatment 0.0% 0.0% 0.0%
Percentage TN in primary sludge 7.5% 1.7% 7.5%
Percentage TN in SAS 12.1% 13.2% 13.3%
Percentage TP in final effluent 54.0% 20.7% 24.4%
Percentage TP loss in biological treatment 0.0% 0.0% 0.0%
Percentage TP in primary sludge 15.1% 29.9% 15.1%
Percentage TP in SAS 31.0% 49.5% 60.6%

Although chemical dosing and EBPR capture similar amounts of phosphorus in the sludge,
they impact the phosphate content in the raw sludge centrate differently. As shown in Table 6-
7, the chemical dosing does not have a substantial impact nutrient content on the raw sludge
centrate or digested sludge centrate. This is because the phosphorus removed is present as
phosphate. This is bonded with the ferric iron as ferric phosphate which will rarely decomposed
during hydrolysis, fermentation and digestion. But for EBPR, the captured phosphorus is stored
in poly-phosphate accumulative organisms (PAOs). It will be released back to the liquid phase
as phosphate in an anaerobic condition, like in the raw sludge tank. Hence, the PO4*-P content
of the raw sludge centrate of the EBPR model is about a third higher than the baseline model

and the model with Ferric dosing.
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Table 6-7 The concentration and loading of NH4"-N and PO4**-P in the raw sludge centrate and digested sludge
centrate of models with different phosphate removal scenarios

+ o 3- + o 3. . + . P043_'P in

NH4s-Nin PO4s-P NH4-Nin PO+ -Pin NH4*-N in both
Model RSC!, in RSC!, DSC?, DSC?, both centrate, centrate

9
mg/L mg/L mg/L mg/L kg/d ke/d
Baseline 539.8 212.5 1235.2 177.9 1191.6 326.7
With Chemical 514.5 190.7 1330.2 189.5 1298.9 3374

Dosing

With EBPR 410.9 324.7 1168.9 155.4 1055.4 471.6

1: RSC stands for Raw sludge centrate

2: DSC stands for digested sludge centrate

The chemical dosing and EBPR have an impact on the TP distribution on the output of the
process but do not substantially influence the TN distribution as shown in Tables 6-8 and 6-9.
Noticeably, a substantial increase in TP loading is shown in the SAS filtrate in both cases. For
the chemical dosing, the increase of TP loading in the SAS filtrate and other filtrates and
centrates is because solids retained in the filtrates and centrates contain ferric phosphate (the
predicted concentration was 740.9 mgFePO4/L), but this is not present in the baseline model
nor the EBPR model. For EBPR, the TP loading increase is because the solid kept in the SAS
filtrate contains PAOs which is rich in phosphorus. The predicted concentration of poly-
phosphate in PAOs is 107.6 mg/L, but this is not present in the baseline model nor the ferric
dosing model. However, in both cases, the PO4>-P content of the SAS filtrate is still no greater

than 10 mg/L.

Table 6-8 The TN distribution in the output of the combined wastewater and sludge treatment in models with

different phosphate removal scenarios

Model Primary SAS Raw Sludge Digested Sludge Dewatered
Sludge Filtrate  Filtrate Centrate Centrate Digested sludge
Baseline Model 0.5% 2.5% 5.0% 6.7% 4.8%
Ferric dosing 0.5% 2.8% 5.4% 7.0% 5.3%
model
EBPR model 0.5% 4.0% 4.5% 7.0% 4.8%

Table 6-9 The TP distribution in the output of the combined wastewater and sludge treatment in models with

different phosphate removal scenarios

Model Primary SAS Raw Sludge Digested Sludge Dewatered
Sludge Filtrate  Filtrate Centrate Centrate Digested sludge
Baseline Model 3.7% 5.0% 14.3% 5.5% 17.5%
Ferric dosing 5.7% 9.2% 21.2% 10.9% 32.4%
model
EBPR model 3.7% 24.7% 20.8% 6.1% 20.3%
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It is also worth noting that the EBPR does not increase the TP loading in the dewatered digested
sludge because considerable amounts of it has entered into the filtrates and centrates. But
chemical dosing does increase the TP loading in the dewatered digested sludge as the ferric
phosphate is stable during the biological reaction and thus it remains in the solid fraction
throughout the process (Mayer et al., 2016). It therefore appears as though chemical dosing
will not boost the struvite recovery but will result in greater capture of influent TP in the
digested dewatered sludge. In contrast, the EBPR model predicts that slightly higher percentage
of TP would be captured in the digested dewatered sludge, but struvite recovery may be boosted

in the EBPR process.

In energy wise, as shown Table 6-10 and 6-11, the EBPR and chemical dosing have very mild

impact on the chemical energy and the electricity balance.

Table 6-10 The chemical energy balance of the models with different phosphate removal scenarios

Baseline Model EBPR model Ferric dosing model

Final Effluent 12.7% 12.3% 11.7%

Loss in Activated sludge 39.9% 38.9% 39.2%
Primary Sludge 29.5% 29.5% 29.8%

SAS 17.9% 19.3% 19.3%

Primary Sludge Filtrate 2.8% 2.8% 2.8%
SAS Filtrate 2.2% 3.9% 2.3%

Raw Sludge Centrate 1.5% 5.5% 7.9%
Dewatered Raw Sludge (as Digester Feed) 32.7% 33.4% 33.6%
CH4 18.3% 18.7% 18.9%

Dewatered Digested Sludge 10.0% 10.2% 10.3%
Digested Sludge Centrate 1.6% 1.6% 1.6%
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Table 6-11 The electricity balance of the models with different phosphate removal scenarios

Baseline Model EBPR model Ferric dosing model

Primary Settlement, kWh/d 1217 1217 1230
Aeration, kWh/d 25393 22197 24958
Fixed consumption, kWh/d 70279 70279 70279
Sludge Treatment, kWh/d 6417 5775 5949
Total Consumption, kWh/d 103306 99468 102415
Electricity Generation, kWh/d 51352 48958 49393
Electricity Deficit, kWh/d 51954 50510 53023

6.3.2 Case study: Impact on nutrient recovery of improved primary settlement

6.3.2.1 Introduction

Struvite is recovered from the sludge centrates, which arises from the combined primary sludge
and the SAS. A change in solid removal efficiency would influence the production of primary
sludge and SAS, and hence may also influence how much phosphate and ammonium is

available in the return liquor.

6.3.2.2 Method

The flow and concentration data predicted in conceptual modelling conducted in the Case
Study: Improving solids removal efficiency in primary settlement (Section 5.4.1) are used to
study the influence of improving solids removal efficiency in primary settlement on the nutrient

mass balance.

6.3.2.3 Results and discussion

An increase in solid removal efficiency in primary settlement (SREps) will increase the
percentage of nutrient captured in the primary sludge as more particulate nutrient settles.
However, less substrate COD will flow to the activated sludge process, and hence less nutrient
would be assimilated in the biological sludge. In this case study, a greater solid removal rate in
primary settlement will slightly reduce the percentage of nutrient captured in the sludge. As
shown in Table 6-12, when the SREps is increased from 40% to 70% the percentage of influent
TN and TP captured in the combined sludge is only reduced from 22% to 20% and 54% to 46%,

respectively. Simultaneously the concentration of ammonium and phosphate of both centrates
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reduces substantially, as shown in Table 6-6. With the increase of SREps from 0.4 to 0.7,
although the predicted flow of the raw sludge increases from 1,264.1m> to 1393.7 m? and the
predicted flow of digested sludge increases from 395.3 m? to 502.6 m>, the loading of both
NH4*-N and PO4>-P kept in the two centrates reduces.

Table 6-12 The concentration and loading NH4"-N and PO,*-P of raw sludge centrate and digested sludge
centrate under different solid removal efficiency of primary settlement

NH4*-Nin NH4*-Nin NH4*-N in PO+*-Pin
PO+*-Pin PO+*-Pin
SREps RSC!, DSC?, both centrate, both centrate,
RSC!, mg/L DSC?, mg/L
mg/L mg/L kg/d kg/d
0.40 581.8 237.2 1352.6 499.9 1422.5 554.6
0.45 551.4 219.3 1252.4 430.7 1370.1 510.1
0.50 509.7 195.7 1153.0 357.4 1304.0 454 .4
0.55 461.5 169.3 1059.6 285.1 1229.1 392.0
0.60 410.5 142.7 974.0 217.0 1149.0 326.9
0.65 358.0 116.9 898.3 154.8 1067.7 262.1
0.70 303.9 92.5 828.8 98.9 981.2 198.3

1: RSC stands for Raw sludge centrate
2: DSC stands for digested sludge centrate

As stated in Section 5.4.1.3, less heterotrophic biomass is produced in the activated sludge
process while the SREps increases. This will leads to less fermentation and hydrolysis take
place in the raw sludge tank because the modelling of extent of fermentation and hydrolysis is
positively related to the content of heterotrophic biomass (Henze et al., 1999). It is likely the
cause of the reduction of the ammonium and phosphate concentration and loading in the raw

sludge centrate.

The cause of the reduction of the ammonium and phosphate in the dewatered digested sludge
centrate is likely because of the ratio of nitrogen and phosphorus contained in per unit of COD
reduces. Although more nutrient is fed to the digestion process, the amplification of it is smaller
than amplification of the COD. When the SRE increases from 0.4 to 0.7, the percentage of
influent COD content retained in the dewatered raw sludge increases by 32.6%, but the
percentage of influent TN retained in the dewatered raw sludge only increases by only 13.6%,
and TP retained in the dewatered raw sludge decrease by 8.5%. Since the conversion rate of

COD to biomethane constantly stays at approximately 50%, less nitrogen and phosphorus is
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solubilized when the solid removal efficiency increases. Consequently, even more nutrient is

kept in the digester feed, and less ammonium and phosphate end in the digested centrate.

A greater SRE in the primary settlement process leads to a greater percentage of nutrient in the
final effluent and digested sludge cake, but less ammonium and phosphate in the raw sludge
and digested centrate available for struvite recovery. Improving the SRE of the primary
settlement aims to elevate the CH4 production. However, if struvite is a target product, then its
production will be compromised. The TN and TP distribution in the output of the combined

wastewater and sludge treatment is shown in Tables 6-13 and 6-14.

Table 6-13 The TN distribution in the output of the combined wastewater and sludge treatment under different

solid removal efficiency of primary settlement

Primary Dewatered
Final SAS Raw Sludge Digested Sludge
SREps Sludge Digested
Effluent Filtrate Centrate Centrate

Filtrate sludge
0.40 77.6% 0.5% 3.4% 6.0% 5.5% 7.0%
0.45 77.9% 0.6% 3.0% 5.7% 5.4% 7.3%
0.50 78.3% 0.6% 2.7% 5.4% 5.3% 7.7%
0.55 78.7% 0.7% 2.4% 5.0% 5.2% 8.0%
0.60 79.1% 0.8% 2.1% 4.5% 5.2% 8.4%
0.65 79.5% 0.8% 1.8% 4.1% 5.1% 8.7%
0.70 79.8% 0.9% 1.5% 3.6% 5.1% 9.1%

Table 6-14 The TP distribution in the output of the combined wastewater and sludge treatment under different
solid removal efficiency of primary settlement

Primary Dewatered
Final SAS Raw sludge Digested Sludge
SREps Sludge Digested
Effluent Filtrate Centrate Centrate

Filtrate Sludge
0.40 46.3% 3.7% 6.8% 17.2% 9.9% 16.1%
0.45 47.3% 4.2% 6.0% 16.6% 9.2% 16.6%
0.50 48.5% 4.7% 5.4% 15.9% 8.3% 17.2%
0.55 49.8% 5.1% 4.8% 15.0% 7.4% 17.9%
0.60 51.2% 5.6% 4.3% 14.1% 6.4% 18.5%
0.65 52.7% 6.0% 3.8% 13.2% 5.3% 19.0%
0.70 54.2% 6.5% 3.3% 12.2% 4.3% 19.5%
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The uncertainty embedded in this case study is whether the increase of SRE will affect the
nutrient balance, especially the phosphorus balance. Literature suggests that SRE can be
improved by dosing with aluminium and ferric salts (Ismail et al., 2012, Sarparastzadeh et al.,
2007). However, both aluminum and ferric iron are able to react with phosphate. Thus, more
phosphorus is captured in the primary sludge, and it is also likely that less phosphorus will
remain in the final effluent if the SRE is raised by dosing with metal salt coagulants. However,
this will not affect the nitrogen balance since the nitrogen derivatives do not react with

aluminum and ferric ion.

6.3.3 Case study: Impact on nutrient recovery of reducing sludge storage time

6.3.3.1 Introduction

The approach to reducing the particulate energy containing COD loss in the sludge dewatering
is to reduce the sludge storage time of the raw sludge. As stated in Section 5.4.2.3, less
particulate COD is solubilized by fermentation when the sludge storage time is reduced. Since
particulate nitrogen and phosphorus can also be solubilized into ammonium and phosphate
during sludge hydrolysis and fermentation (Tchobanoglous et al., 2003), reducing the sludge
storage time may affect the ammonium and phosphate content in the raw sludge centrate and

the digested sludge centrate.

6.3.3.2 Method

The flow and concentration data predicted in conceptual modelling conducted in the Case
Study: Reducing the sludge retention time prior to digestion (Section 5.4.2) are used to study
the influence of the reducing the sludge retention time prior to digestion on the nutrient mass

balance

6.3.3.3 Results and discussion

A smaller tank volume leads to a shorter sludge storage time. With a reduced sludge storage
time the extent of hydrolysis and fermentation in the raw sludge reduces. The ammonium and
phosphate produced from the hydrolysis and fermentation of the raw sludge also reduces. Since
more TN and TP remain and fed to the digester, the content of ammonium and phosphate of
the digested sludge centrate increases (as shown in Table 6-15). However, with sludge storage
time reduces, the loading of the ammonium and phosphate of the combined raw sludge centrate

and digested sludge centrate reduces.
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Table 6-15 The concentration and loading NH4"-N and PO4*-P of raw sludge centrate and digested sludge
centrate under different raw sludge tank volume scenarios

Tank NH4*-N in PO4-Pin NH4*-N in PO -Pin
NHs*-N in both PO+ -P both

volume, RSC!, RSC!, DSC?, DSC?,
centrate, kg/d  centrate, kg/d

m? mg/L mg/L mg/L mg/L
26086 581.7 237.2 1352.6 499.9 1422.4 554.5
20869 533.5 210.8 1385.4 521.7 1387.7 535.4
15652 473.9 177.5 1420.4 546.0 1344.8 510.8
10434 387.3 132.9 1474.3 576.3 1283.4 477.7
5217 254.2 75.8 1565.9 608.9 1193.5 434.1
0 41.1 6.1 1708.1 627.6 1053.9 375.5

1: RSC stands for Raw sludge centrate
2: DSC stands for digested sludge centrate

The upstream process of the wastewater treatment and sludge thickening of primary sludge and
SAS stay the same. With the same input to the raw sludge dewatering and its subsequent
treatment, as less TP and TN are kept in the centrate, a greater proportion of nutrient will remain
in the dewatered digested sludge. Reducing the raw sludge storage tank volume aims to elevate
the CH4 production. However, if the struvite recovered from the raw sludge centrate and
digested sludge centrate is a target product, then its production will be compromised. The TN
and TP distribution in the output of the combined wastewater and sludge treatment are shown

in Tables 6-16 and 6-17.

Table 6-16 The TN distribution in the output of the combined wastewater and sludge treatment under different

raw sludge tank volume scenarios

Tank Final Primary SAS  Raw sludge Ds‘lg:s;d Dsgzz‘::gd
volume, m3 Effluent Sludge Filtrate  Filtrate Centrate
Centrate Sludge

26086 77.6% 0.5% 3.4% 6.0% 5.5% 7.0%
20869 77.6% 0.5% 3.4% 5.6% 5.7% 7.2%
15652 77.6% 0.5% 3.4% 52% 5.9% 7.4%
10434 77.6% 0.5% 3.4% 4.5% 6.3% 7.7%
5217 77.6% 0.5% 3.4% 3.6% 6.9% 8.0%

0 77.6% 0.5% 3.4% 2.0% 7.9% 8.7%
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Table 6-17 The TP distribution in the output of the combined wastewater and sludge treatment under different

raw sludge tank volume scenarios

Tank Final Primary SAS Raw sludge Dsligue;g;d Ds:gzizgd
volume, m3 Effluent Sludge Filtrate  Filtrate Centrate

Centrate Sludge
26086 46.3% 3.7% 6.8% 17.2% 9.9% 16.1%
20869 46.3% 3.7% 6.8% 16.3% 10.5% 16.4%
15652 46.3% 3.7% 6.8% 15.2% 11.1% 16.9%
10434 46.3% 3.7% 6.8% 13.7% 12.0% 17.5%
5217 46.3% 3.7% 6.8% 11.7% 13.1% 18.4%
0 46.3% 3.7% 6.8% 9.3% 14.3% 19.6%

6.3.4 Case study: Impact on nutrient recovery of using an anaerobic membrane reactor as

secondary biological treatment

6.3.3.1 Introduction

In Section 5.4.4, anaerobic membrane reactor (AnMBR) treatment was found to produce less
sludge compared to an activated sludge process. Moreover, anaerobic treatment is normally not
efficient for nutrient removal (Chernicharo, 2006). Therefore, the nutrient distribution pattern
in the wastewater treatment may change dramatically if AnMBR is substituted for the activated

sludge process.

6.3.3.2 Method

The flow and concentration data predicted in conceptual modelling conducted in the Case
Study: Replacing the activated sludge processes with an energy-generating anaerobic
membrane reactor unit (Section 5.4.4) are used to study the influence of replacing the activated
sludge processes with an energy-generating anaerobic membrane reactor unit on the nutrient

mass balance.

6.3.3.3 Results and discussion

Compared to the baseline model that uses activated sludge, the application of AnMBR
substantial reduces the amount of NH4"-N and PO4*-P in the centrates (as shown in Table 6-
18). This can be attributed to the sludge production of the AnMBR being much smaller than
the activated sludge model used by the baseline model, and hence less nutrient is captured in
the sludge that is fed to the sludge treatment. Moreover, since the AnMBR does not produce

the same quantity of heterotrophic biomass as the activated sludge process, the extent of
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fermentation in the raw sludge tank is far smaller than the activated sludge process, and hence

content of NH4"-N and PO4s>-P of the raw sludge filtrate reduces substantially.

Table 6-18 The concentration and loading NH4"-N and PO,*-P of raw sludge centrate and digested sludge

centrate of models with different secondary biological treatment

PO -Pin

NHs-Nin PO#-P NH4-Nin PO4-Pin NH4*-N in both

ot
Model RSC!, in RSC!, DSC?, DSC?, both centrate,
centrate,
mg/L mg/L mg/L mg/L kg/d

kg/d

Activated Sludge 581.8 237.2 1352.6 499.9 1422.5 554.6

AnMBR 152.3 22.6 12814 19.1 715.0 31.9

1: RSC stands for Raw sludge centrate
2: DSC stands for digested sludge centrate

The application of AnMBR also impacts on the TN and TP distribution in the outputs from the
treatment process (shown in Table 6-19 and 6-20). However, the impact is greater for TP. This
is because in the baseline model 38.6% of the TP to the WWTP is captured in the biological
sludge. But the figure is reduced to 9.7%% in the AnMBR case. This leads to the percentage
of TP captured in the sludge reducing from 53.7% to 24.8%. Meanwhile the percentage of TN
captured in the sludge only reduces from 22.4% to 15.9%. The most noticeable change in the
TP distribution pattern of the application of AnMBR is that the percentage of influent TP kept
in the final effluent increases from 46.3% to 75.2%. If struvite recovered from the raw sludge
centrate and digested sludge centrate is a target product, applying AnMBR may improve the
energy balance (stated in Section 5.4.4.3) but will compromise the struvite production. In

addition, more nutrient will remain in the final effluent.

Table 6-19 The TN distribution in the output of the combined wastewater and sludge treatment in different

scenarios of secondary biological treatment

Model Final Primary SAS Raw Sludge ])Sllg:(;tgzd Dlggizet!:fld
Effluent Sludge Filtrate  Filtrate Centrate
Centrate Sludge
Baseline 77.6% 0.5% 3.4% 6.0% 5.5% 7.0%
AnMBR 84.1% 0.5% 2.1% 2.6% 4.6% 6.1%
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Table 6-20 The TP distribution in the output of the combined wastewater and sludge treatment of models with

different secondary biological treatment

Model Final Primary SAS Raw sludge Dsligue;g;d D;;(ngggd
Effluent Sludge Filtrate  Filtrate Centrate
Centrate Sludge
Baseline 46.3% 3.7% 6.8% 17.2% 9.9% 16.1%
AnMBR 75.2% 3.7% 2.9% 5.8% 1.6% 10.8%

6.4 Chapter Summary

This chapter first presents the nitrogen and phosphorus mass balance of the studied WWTPs.
In primary settlement, 8-23% of the inflowing nitrogen and 16-50% of inflowing phosphorus
will be settled in the primary sludge and the rest will flow into the secondary treatment. Since
the studied WWTP treatment works have no enhanced biological phosphorus removal
technology, 32-60% of phosphorus flowing to the secondary treatment is stored in the SAS and
the rest will leave the treatment works within the final effluent. Meanwhile, approximately 15-
30% of the nitrogen flowing to the secondary treatment is captured in the SAS. Where
nitrification is occurring, this will affect the distribution pattern of the remaining nitrogen
content. If there is no nitrification the remaining nitrogen will leave the system and is present
mainly as NHs"-N. For the WWTPs with nitrification, only approximately 50% of the nitrogen
flowing to the secondary treatment process remains in the effluent, mainly as nitrate or nitrite.
The rest is denitrified and emitted to the atmosphere due to unexpected denitrification occurring
in the aeration tank and in the final clarifier. After the whole treatment process, approximately
22-44% of the nitrogen and 53-85% of phosphorus is captured in the sludge. The rest of the
phosphorus will leave the WWTPs in the final effluent. For nitrogen, if nitrification does not
occur the remaining 55-78% of nitrogen will leave the WWTPs within the final effluent. Where
nitrification does occur, 18-34% of the nitrogen will be emitted to atmosphere and the rest
(approximately 40%) will leave the works in the final effluent. The distribution pattern of the
nitrogen and phosphorus are substantially different during the wastewater treatment process:
the majority of the phosphorus is captured in the sludge, but the majority of the nitrogen is

either emitted to the atmosphere or is discharged in the final effluent.

During sludge treatment with sludge thickening, dewatering and anaerobic digestion, the
distribution patterns of nitrogen and phosphorus are similar. Approximately 30-35% of the

sludge nitrogen and phosphorus remain in the dewatered digested sludge, but no nitrogen or

173



phosphorus is present in the biogas. The rest of the nitrogen and phosphorus is found in the
filtrates and centrates of the sludge thickening and dewatering. A large proportion of the
nitrogen and phosphorus, in the form of NH4"-N and PO4*-P, are typically found in the filtrate
and/or centrate of the biological treated sludge, or sludge that has been stored for a long time.
This is because the particulate nutrient content in the sludge is solubilized and therefore enters

into the liquid phase.

Regarding nutrient recovery, although the final effluent contains substantial amounts of
nitrogen, its recovery is focused mainly on the sludge treatment side. Current practice is to
recover nutrients by either by (1) sending the sludge to land for agricultural application or (2)
producing struvite, which is recovered from the filtrates and/or centrates which have high
concentrations of NH4"-N and PO4*-P. Since struvite has a greater per unit mass nutrient
content, struvite recovery appears to be a promising approach to nutrient recovery. Struvite
recovery potential case studies were therefore undertaken to examine how to increase the
efficiency of production and to investigate what other modifications could be made in the
upstream treatment process to increase the loading of the NH4"-N and PO4*"-P in the filtrates

and/or centrates.

The first case study was aimed at evaluating the impact of capturing greater amounts of
phosphorus in the sludge. Modelling of chemical dosing and enhanced biological phosphorus
removal (EBPR), to increase the loading of nutrient in the sludge dewatering centrates, was
undertaken. The case study suggests that EBPR is able to increase nutrient content in the sludge
centrate but that chemical dosing would not. This is because the chemically bonded phosphorus
is stable during sludge treatment. The majority of the extra phosphate captured will end up in
the dewatered digested sludge. In the EBPR process, the extra phosphorus captured in the
biological sludge is stored in the form of poly-phosphate, which will be released as phosphate
back to liquid phase under anaerobic conditions such as during sludge storage. Therefore, the

EBPR process is found to be able to boost the loading of the PO4*-P in the centrate.

There are also three case studies conducted in Section 5.4 that aim to improve the energy
balance via modifying the wastewater treatment and sludge dewatering treatment. The
approaches are 1) improving the solid removal efficiency of the primary settlement process, 2)

reducing the sludge storage time, and 3) using energy generating secondary treatment. All
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three were found to reduce the loading of the NH4"-N and PO4>"-P in the centrate. Approach 1)
and 3) reduced the nutrient captured in the secondary biological sludge and therefore, less
nutrient would be fed to the sludge treatment, and a greater percentage of nutrient would be
discharged with the final effluent. Approach 2) maintains the same amount of nutrient fed to
the sludge treatment. The reduction of sludge storage time, however, reduces the extent of
solubilization of the particulate nutrient and leads to a reduction of NH4"-N and PO4>"-P loading

in the centrate, but a greater nutrient reserve in the dewatered digested sludge.
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Chapter 7 Business case study: pyrolysis of the biosolid for further energy

recovery

7.1 Introduction

Based on the mass and chemical energy balance constructed, the recovery opportunities for
nutrient and chemical energy are identified and examined in Section 5.4 and 6.3. This chapter
aims to choose the most promising approach and subsequently to develop a business case for

it.

The nutrient recovery from wastewater and sludge mainly focuses on struvite recovery from
the centrate from sludge dewatering. It can create income due to the fertilizer production and
may also reduce operational cost since chemical dosing for removal of the pipe scaling issue is
prevented (Khunjar et al., 2013, Ostara, 2010, de Vries et al., 2017, Molinos-Senante et al.,
2010). The economic feasibility of this has already been well demonstrated in different case
studies (Ostara, 2010, Kleemann et al., 2015).Thus, this study will not make further discussion

onit.

On the energy recovery side, Section 5.4 suggests that, improving the solid removal efficiency
of the primary settlement, pyrolysis of the dewatered digested sludge (called biosolid in this
chapter), and applying energy generating biological treatment can all potentially deliver a better

energy balance. But some approaches come with high uncertainty.

For primary settlement improvement, if it is delivered by metal chemical dosing, the stability

and digestibility of the sludge will be compromised (Diamantis et al., 2013).

For the energy generating biological treatment, no matter whether by AnMBR, or microbial
electrolysis cells and microbial fuel cells, none are yet proven to be completely energy self-
sustaining (Martin et al., 2011). In some cases, they even required a considerable amount of
energy input (Martin et al., 2011). Moreover, these technologies require a high influent COD
concentration but have limited ability in nutrient removal (Chernicharo, 2006). Therefore, they
are not a universal solution to all the treatment work, especially if the WWTP has a stringent
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nutrient consent. They have not been previously implemented at full scale (Cotterill et al., 2017,

Williams et al., 2015, Shoener et al., 2014).

Among the proposed approaches for energy recovery, the biosolid pyrolysis has the least direct
impact to the current wastewater and sludge treatment process because it targets the end of the
sludge treatment and will not recirculate any waste stream back to the upstream treatment.
Moreover, because the agricultural land bank for anaerobic digestate is limited, the biosolid
has to compete with other organic source, i.e. food waste digestate (Bhogal et al., 2017). The
biosolid pyrolysis can reduce the volume of the digestate and hence reduce the land bank stress
(Paz-Ferreiro et al., 2018). Therefore, the biosolid pyrolysis is chosen as an example for

development into a business case study.

Brief of Base Case

The Base Case of this business case is the energy recovery system of WWTP C. WWTP C is a
district sludge treatment center having advanced anaerobic digestion (AAD). There is an onsite
combined heat and power (CHP) unit which is able to use the produced biomethane (CH4 in
the following content in this chapter) to produce electricity for the onsite wastewater treatment
and sludge treatment. But since 2014, the majority of the produced CH4 has been upgraded and
injected back to the gas grid. The drive for this act is that the renewable heat incentive (RHI)
claimed on the CH4 injected to the grid brings better cost benefit to the WWTP (personal
communication, L Wilkinson, Northumbrian Water, December 2016). Meanwhile, since CHy4
is upgraded and sold, the CHP unit is mainly fed with imported natural gas. Also, part of the

electricity demand of the site is met by the import of electricity.

The aim of this business case study is to explore both the technical and economic feasibility of

the implementation of the biosolid pyrolysis to the Base Case energy recovery system.

7.2 Method

This study uses the payback period, net present value (NPV) and internal return rate (IRR) to
conduct the economic evaluation of the installation of the biosolid pyrolysis. This study
considers an economic feasible project should have a payback period shorter than the asset life,

an NPV that is greater than 0, and an IRR that is smaller than the nominal return rate.
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7.2.1 The calculation of cash flows

The cash flow is the key for determining the payback period, the NPV and the IRR. The initial
cash flow is the capital expenditure (CAPEX) spent on the installation of the biosolid pyrolysis
system. The annual cash flow is determined by subtracting the operational expenditure from
the income. The operational expenditure (OPEX) considers the maintenance cost, labor and the
purchase of energy. The income considers the sale of the energy produced and the incentives

claimed. Both of the OPEX and income are related to the energy balance of the system.

The biosolid pyrolysis module is proposed to be installed at 2019 and is assumed to have an
asset life of 20 years, from 2019 to 2039. It worth noting that, the RHI for the CH4 injected to
the grid is valid for 20 years, from 2014 to 2034. This study assumes that after the RHI for the
CHs4 injected to the grid expires after the first 15 years of asset life of biosolids pyrolysis, the
use of CH4 will change due to the economics of carrying on grid injection becoming weaker
(details will be explained in Section 7.3.3). This will result in a different energy balance from
the Base Case. Therefore, four energy balances are constructed for calculating the cash flow
based on whether the RHI for the CH4 injected to the grid is available or not, and they are
e EBgc is the energy balance of the Base Case
o [EBgie+rp 1s the energy balance of the Base Case after the proposed fast pyrolysis is
installed
e EBcur is the energy balance of the Base Case that has no CHy grid injection and feeds
majority of CH4 to the CHP for electricity generation
o EBcur+rp is the energy balance of the Base Case that has no CH4 grid injection, feeds

majority of CH4 to the CHP for electricity generation, and has a biosolid pyrolysis

Thus, four cash flow will then be constructed based on the above balance.
e CFgiem s the cash flow calculated based on EBg¢ and incentives being available
e CFgie+rpm is the cash flow calculated based on EBgrG+rp and incentives being available
e CFcupr is the cash flow calculated based on EBcnp and no incentive is considered to be
available
e CFcup+rp 1s calculated based on EBcup+rp and RHI incentive being only available to

be claimed on syngas produced by the biosolid pyrolysis

178



The real cash flow after the installation of biosolid pyrolysis for the first 15 years is

CFgigrrpay — CFgigry- From the 16™ year, after the current RHI for the CH4 injected to the

GtG is no longer available, the real cash flow becomes CFcypyrpry — CF chp-

7.2.2 The calculation of payback period, NPV and IRR

Payback period
The payback period is the expected time required to recover the capital expenditure (CAPEX).

Therefore, it is calculated by Equation 7-1.

Equation 7-1
CAPEX
Real cash flow

Payback period =

A shorter payback period means the project has greater a liquidity (San Ong and Thum, 2013).
However, the payback period approach focuses solely on the capital recovery but ignore the

profit generate after the payback period (San Ong and Thum, 2013).

It is worth noting that the income is generated from the sale of energy or the incentive generated
from it, rather than from a fixed promised sum of cash given annually. The income, also the
OPEX, will be affected by the inflation. So is the cash flow. The payback period calculated in

this study has considered the time value of the money.

NPV

The core concept of NPV approach is to consider the time value of the money (Zizlavsky,
2014). In most of the cases, it considers the same amount of money is worth less in the future
than today (Zizlavsky, 2014) . This approach calculates the difference between the present
value of the inflowing cash and the present value of the outflowing cash of the investment to
be made (Zizlavsky, 2014). If the NPV is greater than or equals to zero, the investment is
considered economic viable. If the NPV is negative, the investment is considered not economic

viable (Mack, 2012). The NPV is calculated via Equation 7-2 (Zizlavsky, 2014).
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Equation 7-2

Where NCF, in year ¢, 1 is the real discount rate. In this study, the propose biosolid pyrolysis

system is assumed to have an asset life of 20 years. Therefore, the ¢ is 20.

It is worth noting that the NPV is commonly used as a ranking tool to compare the cost benefits
of different proposed projects (Puchongkawarin et al., 2015). Because this study only proposes

one project, the NPV is only used as an economic indicator but not a ranking tool.

In the calculation of NPV, the real discount rate is an influential factor since it is used to
discount the cash inflow to today’s value. The real discount rate (7;..4;) is decided by the interest
rate (Tinterest) and the inflation rate (7iy,r14¢i0n) Via Equation 7-3 (Mack, 2012).

Equation 7-3

Thominal discount rate — Tinflation

Treal =
1+ rinflation

The interest rate is so called “the return on the investment” or “nominal cost of capital”. It is
named as nominal discount rate in this study. If the nominal discount rate is 20%, it means, the
minimum profit (made from the investment) required by the investor is 20% (Juhész, 2011).
The sponsor company commonly uses 12% as the interest rate for its investment project
(personal communication, Andrew Moore, Northumbrian Water, October 2017). Therefore,

this study uses 12% for the initial NPV calculation.

Inflation is a phenomenon that the prices of goods and services increases over time (Mack,
2012). According to Office of for National Statistics, the mean monthly inflation rate of the
UK during Jan 2017 to Dec 2018 is 2.43%. Therefore, this study takes 2.50% as the inflation

rate in all calculation.

IRR

The NPV only shows the increase in assets due to the investing during its life span but no
information about the yield of the profitability of the investment (Juhédsz, 2011). Meanwhile,
the IRR can (Juhasz, 2011). IRR is the real discount rate when the NPV equals zero and then a
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return of the investment is promised (Gallo, 2019). If the IRR is greater or equal to the nominal
discount rate, the investment is worthwhile (Gallo, 2019). In this study, the IRR is calculated

with the “irr” function of Microsoft Excel.

7.2.3 Sensitivity study on the uncertainty

As stated in Section 7.2.1, the cash flow calculation is based on the energy balance. The
energy balance construction in study is based on mass balance. Puig et al. (2008) reported
that poor data quality will results in erroneous mass balance. As stated in Section 5.4, the
mass balance could also change due to the modification of the process operation. Thus, there
is uncertainty embed in the mass balance. Besides, uncertainty also exist in the cost
estimation. Therefore, this study conducts sensitivity analysis to study how the uncertainty

could impact the economic evaluation.

This case study conducts sensitivity study on the following ten parameters,
(1) the amount of total solid in the biosolid
(2) the TS% of the biosolid
(3) the chemical energy content of the dried biosolid
(4) the electricity consumed on the fast pyrolysis of biosolid
(5) the efficiency of recovering syngas from biosolid. This will be called pyrolysis
efficiency in the following of content of this chapter
(6) the CAPEX
(7) the cost factor to estimate the maintenance cost,
(8) the additional labor
(9) the sale price of the surplus electricity
(10) the RHI claimed on the syngas

And the uncertainty of them are considered comes from
e For parameter (1), as stated in Section 5.4.3, the change of the upstream wastewater
and sludge process may affect the production of biosolid.
e For parameter (2), the TS% of biosolid is impacted by the dewatering process. For
parameter (3), the reported chemical energy content of the dried biosolid varies (Shizas

and Bagley, 2004, Schaum et al., 2016, Smyth et al., 2016).
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e For parameter (4)-(8), they are estimated from literature value.

e For parameter (9), the sale price surplus electricity can vary depend on the deal with
the electricity supplier (personal communication, L Begg, OFGEM, January 2018).

e For parameter (10), this project did not propose an exact date for installation whilst the

RHI could change in the future.

A spider plot, which is a visualization aid, is used to present their impact to the pay back,
NPV and the IRR (El-Temtamy and Gendy, 2014). The approach is to give a £20% variation
on one parameter once at a time, and then the newly obtained payback period, NPV and IRR
will be used to plot against the ratio of the changed value to the original value of that
parameter (El-Temtamy and Gendy, 2014, Lipu and Jamal, 2013). If a line of the
corresponding parameter has a steep slope, then the parameter is considered to have a big
influence on the predicted pay back, NPV and IRR (Lipu and Jamal, 2013, El-Temtamy and
Gendy, 2014).

The found most influential parameter(s) will be chosen for being further studied the payback
period, NPV, and IRR under a pessimistic scenario and an optimistic scenario (Rysanek and
Choudhary, 2013). In this study, the pessimistic scenario is that parameter(s) is(are) at the
worst condition, and the optimistic condition is that all three parameter(s) is(are) at the best
condition. The scenario study is for deeply understand the impact from the uncertainty to the

economic evaluation.

7.3 Result and Discussion

7.3.1 Energy balance

The data shown below in this Sub-section 7.3.1 is the daily average collected from sludge
treatment of WWTP C from 01/03/2016 to 31/08/2016. The data is collected from
Northumbrian Water (personal communication, S Coverdale, Northumbrian Water, October

2017 and personal communication, L Wilkinson, Northumbrian Water, October 2018).
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7.3.1.1 Energy balance of the energy recovery system (EBgtc) of the Base Case

In the Base Case, the energy recovery system of the WWTP C consist of three major
components, the boiler, the CHP, and the Gas to Grid (GtG) upgrade plant. The input energy
containing materials are the indigenously produced biomethane (CH4), the natural gas
purchased from the grid, and the purchased propane. Also, a certain amount of electricity is
purchased for meeting the demand of the sludge treatment and wastewater treatment. There are
four outputs of the system, the steam from the boiler, the low-grade heat from the CHP, the
electricity produced from the CHP, and the upgraded gas from the GtG upgrade plant. The
produced steam will be used for the thermal hydrolysis process (THP) process of the AAD.
The electricity will be consumed onsite for sludge and wastewater treatment. The low-grade

heat is usually wasted. The produced upgrade gas will be injected to the gas grid.

In detail, The CH4 produced from the AD was measured as 245.5 MWh. Since the CH4 flared
was measured as 20.7 MWh, only 224.8 MWh CHj enters into the system, along with 257.1
MWh natural gas and 23.7 MWh propane.

27.6 MWh of CH4 and 212.8 MWh of natural gas are fed to the CHP. The electricity production
is measured as 83.2 MWh. The heat to electricity conversion is 34.6%. It is worth noting that,
9.6 out of 83.2 MWh electricity is generated from the 27.6 MWh CHas. Based on the literature,
the conversion ratio of both high-grade heat and low-grade heat is assumed as 20% (Smyth et
al., 2016, Bowen et al., 2010). Therefore, 48.1 MWh of high-grade heat and 48.1 MWh of low-

grade heat are then produced.

48.1 MWh of high-grade heat made up with 44.3 MWh of natural gas are fed to the boiler. The
heat production is measured as 77.3 MWh of steam. The energy recovery ratio is 83.7% which

agrees with the reported value approximately 85% (Vanwortswinkel and Nijs, 2010).

The rest 197.2 CHa is fed to the GtG upgrade plant along with 23.7 MWh propane. 220.9 MWh

upgrade gas is injected into the grid.

In the end, the system produces 77.3 MWh steam which meets the demand of the THP, 48.1
MWh low-grade heat, 220.9 MWh upgrade gas, and 83.2 MWh electricity which is still 18.8
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MWh short to fulfil the daily electricity demand measured as 102.0 MWh. The energy balance

of the Base Case is shown in Figure 7-1.

The cash flow related energy flow on a daily basis is summarized as
e Purchase: 257.1 MWh natural gas, 23.7 MWh propane, and 18.8 MWh electricity
e Sale: 220.9 MWh upgrade gas
e Incentives received: 197.2 MWh CHy4 for the RHI claim, and 9.6 MWh electricity for
the Renewable Obligation Certificate (ROC) trade (personal communication, Steve

Coverdale, Northumbrian Water, October 2017).

Current System
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Figure 7-1 The energy balance (EBgrc) of the Base Case

7.3.1.2 Energy balance of the Base Case energy recovery system with the addition of biosolid
pyrolysis (EBctc+rp)

The design of sludge fast pyrolysis has three units; the sludge drying, which utilizes the low-
grade heat to dry the sludge to reach 90% DS (Mills et al., 2014), the fast pyrolysis to convert
biosolid into syngas, and the CHP for combusting the syngas produced for electricity and heat
production. Apart from the original three inputs, CHa, natural gas, and the propane, the energy
containing biosolid is fed to the system. The installation of the pyrolysis requires no
modification of the Base Case energy system and its operation. The output remains the same
for, steam, low-grade heat, upgrade gas, and electricity.
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The energy balance is presented on a daily basis. 41 tonnes dried solid (DS) biosolid with 177.7
MWh of chemical energy is fed to pyrolysis. Reportedly, 0.77-1.09 MWh heat is required to
evaporate 1 ton of water (Mills et al., 2014). The heat supplied can be from the low-grade heat
from the CHP (Mills et al., 2014). This study assumes the ratio is 0.9 MWh heat per ton water
evaporated. In the sampling campaign conducted in the mass and chemical energy balance
investigation, 5 times the TS% of the biosolid were measured all were 28.5%. When the TS of
the biosolid is increased from 28.5% to 90.0%, 41+28.5%-41+90.0%= 98.3 tonne water is
removed and hence 0.9x98.3=88.5 MWh of low-grade heat is required. Whilst 0.055 MWh
electricity is required to process each tonne DS content (Mills et al., 2014). Therefore, 88.5
MWh/day of low-grade heat and 2.3 MWh/day electricity is required for drying the sludge.

Approximately 60%-90% of the chemical energy within the biosolid can be recovered as
syngas and fed to the CHP, the rest is lost or remains in the bio-char (Mills et al., 2014, Cao
and Pawtowski, 2012). This study assumes the conversion ratio is 80%. Therefore, the thermal
energy within the syngas is 177.7x80.0% = 142.1 MWh. The pyrolysis does require electricity
input for the heating. According to Mills et al. (2014), this study assumes the ratio is 0.4 MWh
electricity per ton DS. Therefore 16.4 MWh electricity is required.

The produced syngas is then fed to the CHP. Assuming using the CHP for the syngas recovers
38% of the 142.1 MWh of influent energy as electricity, then electricity production is 54.0
MWh/day (Mills et al., 2014). Meanwhile, the conversion ratio of both high-grade heat and
low-grade heat are assumed to be 20% (Smyth et al., 2016, Bowen et al., 2010). Therefore,
28.4 MWh of high-grade heat and 28.4 MWh of low-grade heat are also produced.

The sludge pyrolysis produces 54.0 MWh electricity from the daily 41.0 tonnes DS biosolid.
After offsetting the 2.3+16.4=18.7 MWh parasitic load of electricity consumed in sludge drying
and pyrolysis unit, the net electricity output of the biosolid pyrolysis module is 35.3 MWh. The
system also produces 56.8 MWh heat, but it is not able meet the demand of 88.5 MWh for
sludge drying. The heat deficit of the biosolid pyrolysis module is 31.6 MWh per day.

With integration to the Base Case energy recovery unit, the unused 48.1 MWh low-grade heat
from the original system can be used to fulfil the 31.6 MWh heat deficit of the gasification
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system, with still 16.5 MWh surplus. Meanwhile, the total electricity output is increase to 118.5
MWh. After offsetting the 102.0 demand, there is still 16.5 MWh net electricity output which
can be sold to the electricity grid. The production of the steam and upgrades gas is remained at

77.3 MWh and 220.9 MWh upgrade gas, respectively.

The cash flow related energy flow on a daily basis becomes:
e Purchase: 257.1 MWh natural gas and 23.7 MWh propane,
e Sale: 220.9 MWh upgrade gas and 16.5 MWh electricity
e Incentives received: 197.2 MWh CHg4 for the original RHI claim, and 9.6 MWh
electricity for the Renewable Obligation Certificate (ROC) trade (personal
communication, Steve Coverdale, Northumbrian Water, October 2017), and142.1 MWh

of syngas for the new RHI claim.

The energy balance of the Base Case with biosolid pyrolysis is shown in Figure 7-2.
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Figure 7-2 The energy balance (EBqrc+rp) of the Base Case system with biosolid pyrolysis
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7.3.1.3 Energy balance of the Base Case energy recovery system with no GtG (EBcrp)

Since the RHI will end within the project life time of pyrolysis unit, modification of the Base
Case system is likely to occur. This study assumes the change will be diverting the CH4 back
to the CHP for electricity production. The reason is that, the buying price of the natural gas
which current used for electricity production is £13/MWh, but the sale price of the upgrade gas
is £10/MWh while the extra cost for the purchase of propane is involved (personal

communication, Steve Coverdale, Northumbrian Water, October 2017).

However, in the original EBg:c, the natural gas usage is 212.8 MWh and the CH4 fed to the
GtG upgrade of only 197.2 MWh. There is a shortage of 15.6 MWh chemical energy for the
CHP. Based on the energy conversion ratio of the current CHP is 34.6%, 15.6 MWh heat energy
is equivalent to 5.4 MWh electricity. Either 15.6 MWh natural gas or 5.4 MWh electricity has
to be brought from the grid. The buying price of natural gas is only £13/MWh but of electricity
is £114/MWh. Thus, in a daily basis, the import of natural gas costs £15.6x13=£202.8, but the
import of electricity costs £114x5.6=£615.6. It is therefore more economic to buy 15.6 MWh
natural gas to produce electricity on site. Therefore, this study assumes 15.6 MWh natural gas

will be brought from the grid per day.

After the route of GtG is abandoned at the end of the RHI incentive to the CH4 to grid, the
input to system are only the 59.9 MWh natural gas and 224.8 MWh CHa. The output of the
system becomes 77.3 MWh steam which still meets the demand of the THP, 48.1 MWh low-
grade heat, and 83.2 MWh electricity which is still 18.8 MWh short of fulfilling the daily
electricity demand measured as 102.0 MWh.

The cash related energy flow on a daily basis is summarized as

e Purchase: 59.9 MWh natural gas and 18.8 MWh electricity

The energy balance of the Base Case system with no GtG is shown in Figure 7-3.
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Figure 7-3 The energy balance (EBcap) of the system has no CH4 grid injection

7.3.1.4 Energy balance of the Base Case energy recovery system with biosolid pyrolysis but
with no GtG (EBcHp+rp)

The end of the GtG route does not affect low grade heat production and hence will not affect
the performance of the energy balance of the pyrolysis module as stated in Section 7.3.1.4. The
pyrolysis module still has a net output of the electricity of 35.3 MWh per day and suffers a heat
deficit is 31.6 MWh per day. Once the module is added on to the system with no GtG, the heat
deficit will be rectified, and the net electricity output will offset the 18.8 MWh electricity
import. Although there is still surplus electricity after the offset, this electricity is preferable to
be sold to the grid rather than supplementing the gap due to the CH4 shortage stated in Section
7.3.1.3. This is because 2.9 MWh of natural gas is needed for generating 1 MWh electricity
(based on the heat to electricity conversion ratio is 34.6%) and the cost is only £13x2.9=37.7,
whilst the sale price of 1 MWh of electricity is £48.5. Therefore, it is more economic to carry

on importing the natural gas for electricity production.

After the route of GtG is abandoned but a pyrolysis module is added in, the input to system are
still 59.9 MWh natural gas and 224.8 MWh CHas. The output of the system becomes 77.3 MW
of steam, 16.5 MWh low-grade heat, and 16.5 MWh electricity.

The cash related energy flow on a daily basis is summarised as
e Purchase: 59.9 MWh natural gas
e Sale: 16.5 MWh electricity
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e Incentives received: 142.1 MWh of syngas for the new RHI claim.

The energy balance of the Base Case system with no GtG but has biosolid pyrolysis is shown
in Figure 7-4.
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Figure 7-4 The energy balance (EBcup+rp) of the system has no CHy grid injection but with biosolid pyrolysis

7.3.2 Cash flow

This subsection will first present the estimation and calculation approach to the CAPEX, OPEX
and income, per equipment or, per unit of energy as in Section 7.3.2.1, 7.3.2.2, and 7.3.2.3,

respectively. Then the real cash flow will be shown in Section 7.3.2.4.

7.3.2.1 Capital Expenditure
This study assumes there is no CAPEX involved in the Base Case with no pyrolysis module.
The CAPEX of the pyrolysis module is spent on the installation of the sludge drying plant, the
gasifier, and the CHP for Syn-Gas. The CAPEX of the unit (Capex,) is estimated via Equation
7-4 (Jones et al., 2013).

Equation 7-4

Capacity,\"

Capex, = Capex, X (—yp>
Capacity,

Where Capex;,. is capital cost of the similar process unit reported in literature, Capacity, is

the capacity of the proposed unit, Capacity,.is the capacity of the similar process unit reported
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in literature, and # is the scale factor, commonly, 0.6-0.7 (Jones et al., 2013). This study takes

the n as 0.65.

As stated in Section 7.3.1.2, 98.3 tonnes water is expected to be evaporated, 41 tonnes of TDS
are expected to be treated, and 54 MWh electricity (equivalent to a power rating of
54,000kWh+24h=2250 kW) is expected to be produced. The estimated capital cost of the three

process units are listed in Table 7-1.

Table 7-1 The estimated CAPEX of the components of the biosolid pyrolysis

Reference Capex,, £ Capacity, Capacity, Capexp, £
Sludge Drying
Mills et al. (2014) 3,676,922 77 tH,O/d* 98.3 tH,O/d 4,309,600

Fast Pyrolysis

Mills et al. (2014) 8,120,331 60 tds/d* 41 tds/d 6,339,937

Jones et al. (2013) 123,120,000 2000 tds/d 41 tds/d 9,839,400

CHP

Mills et al. (2014) 7,504,802 4000 kW 2250 kW 5,163,862
BEIS (2017a) 5,300,000 7700 kW 2250 kW 2,382,491
BEIS (2017b) 2,700,000 1400 kW 2250 kW 3,675,826
BEIS (2017¢) 7,300,000 4000 kW 2250 kW 5,022,943

*: tH,O/d stands for ton water evaporated per day, and tds/d stands for ton dried solid per day.

The estimated CAPEX of the sludge drying plant is £ 4,309,600. The estimated capital cost of
the fast pyrolysis and the CHP are taken from the mean value of the multiple estimated values,
and they are £8,089,668 and £4,060,281, respectively. Therefore, the total CAPEX of the
biosolid pyrolysis system is estimated as £16,460,549 but could vary from £13,032,028 to
£19,312,862

7.3.2.2 Operational expenditure
In this study, the operational expenditure (OPEX) includes maintenance, labour cost, and the

material, namely the purchase of natural gas, propane and electricity.

Maintenance
The typical maintenance costs can be estimated as 1-3% of the capital cost. This study assumes

the ratio is 2% since the energy consumption and the labor cost is calculated separately. The
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investment in the gas to grid facility at WWTP C is reported to have amounted to £8,000,000
(WWT online, 2015). The annual maintenance cost is estimated as £160,000. For the original
CHP, its maintenance is calculated based on a ratio of £6 per MWh electricity produced.

Therefore, the maintenance cost per annum is 6x83.2x365= £182,208 (DECC, 2008).

For the biosolid pyrolysis module, based on the CAPEX estimated in Section 7.3.2.1, the
maintenance cost of the drying plant is £86,190, of the fast pyrolysis is £161,793, and of the
syngas CHP is £81,215, respectively.

Labor
The annual salary of a wastewater operator is from £14,500 to 32,000 (OECD, 2017). The labor
cost of a GtG process is suggested as £31,000 (DECC, 2014). Thus, their wages are assumed

to be £30,000 per person per annum.

Currently, there are 18 operators working for this Base Case energy system that processes 85
tonnes DS per day (based on the average from 10/03/2016 to 31/08/2016) (personal
communication, John Robinson, Northumbrian Water, October 2017). This study assumes the
labor needed is proportional to the amount of dried solid processed. Hence, the 9 additional
operators could be required for the sludge gasification system that treats 41 tonnes DS.
Considering the operators could be allocated from other operation teams, this study assumes 5
instead of 9 operators will be added to the operation team of the energy recovery system

(personal communication, A Moore, Northumbrian Water, January 2019).

Material

The buying price of natural gas is £ 13.0 per MWh and the buying price of propane is £100.0
per MWh (personal communication, S Coverdale, Northumbrian Water, October 2017).
According to statistic “Prices of fuels purchased by non-domestic consumers in the UK”
published by Department for Business, Energy & Industrial Strategy, the electricity sale price
to a medium size (2,000-19,999 MWh) consumer is 114.4 per MWh. Since the electricity
import of WWTP C is 18.8x365=6,862 MWh per annum, it should be categorized as medium

size consumer. Therefore, the buying price of electricity is assumed as £114.4 per MWh.
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7.3.2.3 Income
The income includes the sale of exported gas and electricity to the gas grid, and the incentives

received.

The upgrade gas injected to grid is sold at £ 10.0 per MWh (personal communication, S
Coverdale, Northumbrian Water, October 2017). Moreover, the sale of electricity to the grid is
estimated as price £52.4 per MWh, the same as the export price of the Feed-In-Tariftf (OFGEM,
2019a).

The Renewable Heat Incentive (RHI) is available to claim on the CH4 injected to the grid. The
unit price for WWTP C is £ 76.2 per MWh (personal communication, S Coverdale,
Northumbrian Water, October 2017). It is also available to claim on the syngas produced by
the biosolid pyrolysis and injected to the CHP (OFGEM, 2018). Therefore, this study assumes
the pyrolysis and CHP is accredited for the RHI, and £11.6 per MWh is gained for the syngas
fed to the CHP (OFGEM, 2019b).

A Renewable Obligation Certificate (ROC) can be granted for the electricity produced from
the CH4 in the exiting CHP. The trade price of ROC is £ 42 per MWh electricity (personal

communication, S Coverdale, Northumbrian Water, October 2017).

The biosolid produced at WWTP C is currently sold to the farmers. Considering the biochar,
the resulting product of the pyrolysis, may have the similar fertility with biosolid, this study
assumes the income generated from the sale of biosolid and from the sale of the biochar are the

same, and hence are not considered in the cash flow.
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7.3.2.4 Real cash flow

The annual cash flows of different energy balances are shown in Table 7-2.

Table 7-2 The annual cash flow of different energy balance and under different scenarios

Operational Expenditure
Purchase of Electricity

Purchase of Natural Gas

Purchase of Propane

Labor cost

Maintenance (CHP)

Maintenance (GtG)

Labor cost (Fast Pyrolysis)
Maintenance (Sludge Drying Plant)
Maintenance (Fast Pyrolysis)
Maintenance (Fast Pyrolysis CHP)

Total Operational Expenditure:

Income

Sale of Upgraded Gas

RHI claimed on the CH4 of Upgraded Gas
ROC claimed on Electricity produced by

Biomethane

Sale of Electricity

RHI claimed on the Syngas to CHP
Total Income:

Cash flow:

No matter whether the GtG exists or not, the installation of the biosolid pyrolysis is able to
reduce the OPEX by £305,802 per annum which is attributed to the scrapping of the purchase
of electricity. Also, it can bring in an extra income of £918,436 from the sale of surplus

electricity and the RHI claimed in the syngas. Therefore, the real cash flow of the first 15 years

CFem

£785,013
£1,219,940
£865,050
£540,000
£182,208
£160,000
£0

£0

£0

£0
£3,752,210

£806,285
£5,484,724

£146,433

£0
£0
£6,437,442
£2,685,232

and last 5 years remains the same as £1,224,238.

It is worth noting that, apart from CFcur, 65.5-87.5% of the income comes from the incentives
(Figure 7-5). As shown in Table 7-2, if the incentives are scrapped, both CF i@ and CF giG+Fp)

will become negative because the income from the sale of the upgrade gas and electricity is far

CFGiG+rpr

£0
£1,219,940
£865,050
£540,000
£182,208
£160,000
£150,000
£86,192
£161,793
£81,226
£3,446,408

£806,285
£5,484,724

£146,433

£316,644
£601,793
£7,355,878
£3,909,470

CFcnpr

£785,013
£284,226
£0
£540,000
£182,208
£0

£0

£0

£0

£0
£1,791,446

£0
£0

£0

£0
£0
£0

-£1,791,446

too low to cover the OPEX. The incentives are vital to the cash flow.
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£0
£284,226
£0
£540,000
£182,208
£0
£150,000
£86,192
£161,793
£81,226
£1,485,644

£0
£0

£0

£316,644
£601,793
£918,436
-£567,208
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Figure 7-5 The percentage breakdown of income of different cash flow

7.3.3 The economic evaluation and the sensitivity study on the uncertainties

7.3.3.1 The economic evaluation

Base on the real cash flow, the payback period, the NPV and the IRR of the installation of the
biosolid pyrolysis system are calculated as 13.4 years, -£5,495,459, and 4.12%, respectively.
Although the payback period suggests the investment could be recovered during the asset life,
the negative NPV and an IRR that smaller than the nominal discount rate (12%) both suggesting

that the installation of biosolid pyrolysis is not currently economically feasible.

7.3.3.2 The sensitivity study on the uncertainties
Ten parameters with uncertainties are studied for their impact to the economic evaluation.

Figure 7-6 to 7-8 shows the spider plot of the sensitivity study.

20
3 15
>
$ 10
@
S
S 5
0
80% 90% 100% 110% 120%
Ratio to original value
=@=—S50lid Loading, ton/d =@ TS% of Biosolid
==@==Chemical energy of dried biosolid Electricity used for per ton of solid
=@=Pyrolysis Efficiency =@ Capex
=@=Cost factor for Maintenance =@=Additional Labour
=@=Sale Price of surplus electricity =@=—RHI claimed on Syngas

Figure 7-6 The spider chart of payback period
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Figure 7-8 The spider chart of the IRR

The increase of TS% of biosolid, chemical energy of dried biosolid, pyrolysis efficiency, sale
price of surplus electricity and RHI claimed on Syngas will leads to a higher NPV, a greater
IRR and a shorter payback period. The impact caused by a 20% increase of these parameters

(once at a time) to NPV, IRR and payback period are listed in Table 7-3.

Meanwhile, the decrease of electricity used for per ton of solid (in the pyrolysis), CAPEX, cost
factor of maintenance, additional labour, sale price of surplus electricity and RHI claimed on

Syngas will also leads to a higher NPV, a greater IRR and a shorter payback period. The impact
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caused by a 20% decrease of these parameters (once at a time) to NPV, IRR and payback period

are also listed in Table 7-3.

Interestingly, the increase of solid loading results in a lower NPV but a higher IRR and a shorter
payback period. In the cash flow calculation, the CAPEX is estimated base of solid loading,
water loading in the sludge, and the projected electricity production. The maintenance cost is
then estimated from the CAPEX. The increase of the solid loading will increase the CAPEX
and subsequently increase the maintenance cost. However, it also leads to a greater production
of syngas and electricity. The income from the RHI claimed on the syngas and sale of surplus
electricity is therefore elevated. In result, if the solid loading is increased by 20%, the CAPEX
will be increased from £16,460,549 to £18,351,566 and the cash flow will also be increased to
£1,224,238 to £1,438,419. The increase of both CAPEX and cash flow explains why a greater
solid loading will lead to a lower NPV but a higher IRR and a shorter payback period. However,
a 20% increase of the solid loading only leads to a 5% worse NPV, 12% better IRR and 4%
shorter payback period.

Table 7-3 The impact to the NPV, IRR and Payback period if a £20% change is given to the parameters tested
for sensitivity

NPV Improvement IRR Improvement  Payback Improvement
on NPV* on IRR* Period on Payback*
TS % of Biosolid** -4,651,032 15% 4.77% 16% 12.7 5%
Chemical energy of

-3,169,498 42% 6.51% 58% 11.0 18%

dried biosolid**
Pyrolysis Efficiency** -3,169,498 42% 6.51% 58% 11.0 18%

Sale Price of surplus
. s -4,928,245 10% 4.70% 14% 12.8 5%
electricity

RHI claimed on

. x -4,417,448 20% 5.21% 26% 12.2 9%
yngas
Electricity used for per
f solid# -4,933,578 10% 4.70% 14% 12.8 5%
ton of soli

Capex*** -1,613,623 1% 7.48% 82% 10.2 24%

Cost factor for
-4,905,732 11% 4.72% 15% 12.8 5%

Maintenance***
Additional Labor*** -5,226,759 5% 4.40% 7% 13.1 2%

Updated NPV,IRR,or Payback—Original NPV ,IRR,or Payback
Original NPV ,IRR,or Payback

**: A 20% increase is given to each of these parameters

**%: A 20% decrease is given to each of these parameters

X 100%

*: The improvement is calculated by
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For all three economic feasibility indicators, the CAPEX, the chemical energy content of dried
biosolid and the pyrolysis efficiency are the most influential parameters, since their lines have
the steepest slope as shown in Figure 7-6 to 7-8. This is because the calculation of the payback
period, NPV and IRR are affected by three elements, the CAPEX, the OPEX and the income,
and these three parameters are able to simultaneously influence two elements or have a double
effect on one element. For the CAPEX, its change does not only affect the amount of
investment needed to be paid but also affects the cash flow since the maintenance cost of the
newly installed facility is estimated from the capital. For the chemical energy content of dried
biosolid and the pyrolysis efficiency, they affect the production of the syngas, and hence
influences the RHI that could be claimed from the syngas fed to the CHP. Moreover, the
increased production of the syngas will also positively affect the production of electricity and
hence the income of the sale of electricity. But the others can only affect one element at a time.
The TS% of the biosolid only affects the CAPEX estimated for the sludge drying plant. The
sale price of surplus electricity, RHI claimed on syngas and electricity used for pyrolysis affects
the income only, whilst the cost factor for maintenance and additional labour just impacts the

OPEX.

The pessimistic scenario and optimistic scenario study are conducted on the three most
influential parameters, the CAPEX, the pyrolysis efficiency and the chemical energy content

of dried biosolid are found as the most influential factors in the economic evaluation.

In literatures, the reported pyrolysis efficiency is between 60% to 90% (Cao and Pawtowski,
2012, Mills et al., 2014). For the chemical energy content of dried biosolid, the reported values
range for 11.1 to 15.7 kJ/g (Shizas and Bagley, 2004, Mills et al., 2014, Schaum et al., 2016).
In the CAPEX estimation shown in Section 7.3.2.1, the CAPEX of the CHP is estimated from
electricity production which is influenced by the pyrolysis efficiency and the chemical energy
content of dried biosolid. Different pyrolysis efficiency and the chemical energy content of
dried biosolid will results in different estimated CAPEX. In this study, the CAPEX in the
pessimistic scenario is its highest estimation based on the worst pyrolysis efficiency and the
chemical energy content of dried biosolid. The CAPEX in the optimistic scenario is in the

opposite. Therefore,
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e In the pessimistic scenario, the CAPEX is assumed as £17,582,155, the pyrolysis is
assumed as 60%, and the chemical energy content of dried biosolid is assumed as 11.1
kJ/g. Based on the pessimistic scenario, the payback period, NPV and IRR are
calculated 40.0 years, -£13,646,391, and -5.86%, respectively.

e In the optimistic scenario, the CAPEX is assumed as £13,232,298, the pyrolysis is
assumed as 90%, and the chemical energy content of dried biosolid is assumed as 15.7
kJ/g. Based on the optimistic scenario, the payback period is calculated 8.8 years, NPV
becomes a positive value of £ 246,696, but the IRR is 9.53% which is still smaller that

the nominal discount rate of 12% , respectively.

Although the economic feasibility is not proven in both pessimistic and optimistic scenarios,
there can be a substantial difference in the predicted payback period, NPV and IRR in this
proposed project. For managing this huge uncertainty, the Monte Carlo analysis can be used
(Korytarova and Pospisilova, 2015). The analysis first give numbers randomly chosen (from a
reasonable range) to the influential parameter to obtain large amount of the predicted economic
indicators, and then work out the probabilistic distribution of the economic indicators (as
shown in Figure 7-9) (Korytarovéa and PospiSilova, 2015). The result can then demonstrate the
economic feasibility under consideration of risks. However, since the economic feasibility is

not proven in the optimistic scenario, the Monte Carlo analysis is not performed in this study.
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Figure 7-9 The probabilistic distribution of NPV obtained from Monte Carlo Analysis (Korytarova and
Pospisilova, 2015)

198



7.3.3.3 Future opportunities

This section is to discuss at what circumstance the economics of this proposed project will
become feasible. The discussion is made on the optimistic scenario discussed in Section 7.3.3.2.
Each of the three most influential parameters will be adjusted once at a time till a payback
period within 20 years, a positive NPV and an IRR greater than 12% are achieved

simultaneously.

For the CAPEX, the economic feasibility will be achieved if it is reduced to lower than
£11,499,245 which is £1,739,052 less than the optimistic estimation of £13,232,298.
Potentially this may happen because the future technology improvement can reduce the
CAPEX of the facility, for example, the capital cost of wind turbine electricity generators at
present has fallen by approximately 20% comparing to in 2008 due to the technology
improvement (IRENA, 2016).

For the pyrolysis efficiency, even it is raised from the optimistic estimation of 90% to 100%,
the IRR obtained is still 11.22%. It is not able to achieve the economic feasibility. Pyrolysis
efficiency is sensitive to the economic evaluation. But in this study, it has been assumed at high
level (80%) and is with less room to improve. It cannot single-handedly elevate the economic

of the proposed project to the desired level.

For the chemical energy content of the biosolid, if it is raised to 18.3 kJ/g, the economic
feasibility will be achieved. However, the chemical energy content of the dried digested sludge
is reported 11.1 to 15.7 kJ/g and is not likely to be as high as 18.3 kJ/g (Schaum et al., 2016,
Smyth et al., 2016, Shizas and Bagley, 2004). But such a high kJ/g value can be found on the
non-digested sludge as shown in Table 4-6. This implies that non-digested sludge may be a
more suitable feed of the pyrolysis.

Besides, although incentive are not classified as the most influential parameter in this study, it
plays an important role in determining the economics of high capital related projects (Mills et
al., 2014). The best example is the current operating GtG in the Base Case whose economics
substantially relies on the RHI claimed on the CHs injected to the grid (personnel
communication, L Wilkinson, Northumbrian Water, December 2016). Also, as stated in the

Section 7.3.2, the 65.5% projected income of the proposed project is from the incentives
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claimed on the syngas. If future market favors generating energy from biosolid or solid waste
via pyrolysis, the better economics could be achieved. In particular, the change of incentives
tariff is sometimes dramatic. According to the historical data publish by OFGEM, for the
“Large biogas combustion” applied in this project, the highest ever announced tariff was £24.3
per MWh for the CHs combusted and the lowest was £8.9 per MWh (OFGEM, 2019Db).
Applying the £24.3 per MWh incentive to the optimistic scenario, the projected payback period
becomes 5.5 years, the NPV is improved to £6,035,248, and the IRR is 15.65%. The biosolid

pyrolysis may have a future if incentives will become better.

7.3.4 Environmental Benefit

The greatest environmental benefit brought about by the biosolid pyrolysis plant is the
improved energy balance of the Base Case. The energy balance EBcnp(stated in Section 7.3.1.3)
and EBcup+rp (stated in Section 7.3.1.3) that are shown without GtG are used for further
demonstration. These two comparative balances are in a unified energy type, electricity. All the
input or outputs of natural gas will be converted into electricity at the conversion ratio of 38%.

The energy figures shown in the following content is given on a daily basis.

In EBcnp, the system has to import 59.9 MWh natural gas and 18.8 MWh electricity but
generates no output energy. Therefore, the Base Case 1s a net energy importer and the electricity
balance is -59.9%38%+(-18.8)=-41.6 MWh. For EBcnp+rp, the system with biosolid pyrolysis
still imports 59.9 MWh natural but no electricity. Moreover, the system can even export 16.6
MWh electricity back to the grid. Although the system is still a net energy importer, the
electricity balance is improved to -59.9x38%+16.6=-6.2 MWh. The total electricity saving is
35.4 MWh electricity. In 2017, the CO2 emitted from per MWh electricity supplied is 0.2 ton
(BEIS, 2018). Hence, the annual CO; emission reduction will be 35.4x0.2x365=2584.2 tonnes.
Furthermore, the biochar comes with smaller volume than the biosolid (Paz-Ferreiro et al.,
2018). Implementation of biosolid pyrolysis can also reduce the energy consumption of the

biosolid haulage.

Moreover, currently biosolid is mainly sent for land application due to its nutrient content. But
it also has some potential environmental issues, such as the ammonia gas emission and the

concern of possible pathogen regrowth on land, etc.(Paz-Ferreiro et al., 2018, Higgins and
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Murthy, 2006). The biochar, the resulting product of pyrolysis, still has a comparable fertility
to biosolid but is free from these issues since pyrolysis is a high temperature treatment which
can evaporate the free ammonia and kill pathogen (Paz-Ferreiro et al., 2018, Wang et al., 2012).
Pyrolysis can unlock the energy reserve of the biosolid, prevent any adverse effect of its land

application, but still retain its advantageous fertility.

7.4 Chapter Summary

Since the biosolid pyrolysis potentially has the least impact to the upstream wastewater and
sludge treatment process and could potentially help to reduce the landbank stress, this chapter
investigated the technical and economic feasibility of its implementation on to the existing

energy recovery system of WWTP C.

This chapter first studied the energy balance of the Base Case system and the system with the
addition of the biosolid pyrolysis. The economic evaluation considering the payback period,
NPV and IRR were then made according to the energy balance. The result suggested that the

installation of biosolid pyrolysis is not currently economically feasible.

In the sensitivity study of the uncertainty, CAPEX, pyrolysis efficiency and the chemical
energy content of the dried biosolid were found the most influential parameters to the economic
evaluation. Even the three were given an optimistic estimation, but the economic feasibility is
still not achieved. However, if the CAPEX can be further reduced or better incentives will be

granted in the future, the installation of biosolid pyrolysis could become economically feasible.

Although biosolid pyrolysis is not currently economically feasible, it can still bring in
environmental benefits of 1) a better energy balance of the system, 2) a reduced energy
consumption on sludge haulage, and 3) the prevention of the ammonia gas emission and the

possible pathogen regrowth from the biosolid.
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Chapter 8 Conclusion and Recommendation

8.1 Conclusion

The overall aim of this project is to reliably determine the chemical energy and mass balances
of wastewater treatment plants in the UK to inform possible options for recovery of organic

carbon (for energy), nitrogen and phosphorus.

To fulfil this overall aim, the objectives were set, as follows:
1. Develop a reliable and practical method for determination of the chemical energy
content of wastewater, and identify a reliable surrogate of the chemical energy in

wastewater and in sludge

2. Construct chemical energy and mass balances for 4 actual wastewater treatment plants
(WWTPs) to determine the fate of chemical energy, organic carbon (expressed as COD),

nitrogen and phosphorus in the wastewater and sludge treatment (via modelling)

3. Identify potential waste recovery opportunities and explore the impact of their

implementation on the existing treatment process (via modelling)

8.1.1 Chemical energy of wastewater and sludge

The first objective of this study is to develop a reliable and practical method for determination
of the chemical energy content of wastewater and identify a reliable surrogate of the chemical

energy in wastewater and in sludge.

This research successfully developed a new wastewater drying method that is at least as good
as the proven method of freeze-drying for retaining the energy-containing material but is able
to shorten the drying time for 1 L of wastewater sample from 2-4 weeks to 3 days. Having
developed the drying method, 46 spot samples and 61 composite samples of raw wastewater,
20 composite samples of primary effluent, and 17 composite samples of secondary effluent
collected from four WWTPs were measured for chemical energy content (kJ/L) in this study.

Subsequently, this research conducted statistical analysis (correlation and Best Subset of

202



regression) to investigate the relationship between chemical energy (Eww, kJ/L) and commonly
analyzed wastewater variables. COD was found to be the best surrogate of the energy content
of wastewater. It has a ubiquitously (across the four WWTPs) strong linear relationship (r>=
77 -93%, p<0.05, excluding the spot raw) with Eww. An empirical mathematical relationship
between Eww and COD is found 15.8 kJ/g COD.

A similar statistical study was also conducted for understanding the relationship between
sludge chemical energy (Es, kJ/L) and the other commonly analyzed sludge variables, Strong
linear relationships (r>>85%, p<0.05) were found between the Es and sludge total solid (TSs),
sludge volatile solid (VSs), based on 87 sludge samples collected from various treatment
processes, such as primary settlement, activated sludge, anaerobic digestion, of four WWTPs .
The empirical mathematical relationships between Esand, TSsand VS are found 17.1 kJ/g TSs
and 21.9 kJ/g VS;. Via assuming the wastewater and sludge share the same relationship
between COD and VS, the sludge COD was estimated. A similar relationship between chemical

energy and COD is found in both sludge and wastewater.

The objectives of developing a quick but reliable method of estimating wastewater energy
content using routinely analyzed variables has been fulfilled. Since the chemical energy of
wastewater and sludge can be estimated much more quickly via COD, TS5 and/or VSs, an
energy audit of a treatment process or a treatment works can now be easily conducted. The
energy recovery performance can be better monitored. This also helps discover potential

opportunities for improvement in energy recovery.

8.1.2 Investigation of chemical energy balance and COD, nitrogen and phosphorus mass

balance

The second objective of this study is to construct chemical energy and mass balances for four
actual WWTPs to determine the fate of chemical energy, organic carbon (expressed as COD),

nitrogen and phosphorus in the wastewater and sludge treatment via modelling.

This study constructed, calibrated and validated models for the wastewater and sludge
treatment processes of four WWTPs with a range of population equivalents, wastewater

treatment processes, and sludge treatment processes. In all cases, the difference between the
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predicted results from the observed results was no more than + 15%. Hence, these predicted
results were used to build the chemical energy balance and COD, nitrogen and nitrogen mass

balance for the four WWTPs.

8.1.2.1 COD mass balance and chemical energy balance
The COD mass and chemical energy balance of the four WWTPs shows that:
e 69.7 + 12.8% of wastewater COD and chemical energy flowing into the works can be
captured in the sludge and sent for sludge treatment via digestion,
o 248+ 5.5% of wastewater COD and chemical energy flowing into the works is lost to
the atmosphere, potentially as CO»
o 7.5+4.4% of wastewater COD and chemical energy flowing into the works remains

in the final effluent and is discharged to the water bodies.

The COD mass balance and chemical energy balance of the four WWTPs suggest that majority
of the COD and chemical energy loading were captured during the wastewater treatment. Only

a small proportion of COD and chemical energy loading remain in the final effluent.

The COD mass balance and chemical energy balance of the sludge treatment of WWTP C
shows that,
e 21.3 % of the sludge COD and chemical energy ends in the dewatered digested sludge
e 31.1% of the sludge COD and chemical energy is retained in the filtrates and centrates
o 43.7% of the sludge COD and 38.4% of the sludge chemical energy is recovered as
CHa.

On this basis, approximately 20-30% of the chemical energy in raw wastewater has the
potential to be recovered as CH4. However, only 6-9% of the chemical energy in raw
wastewater can be potentially recovered as electricity. In this study, even though the chemical
energy within the raw wastewater of the investigated WWTPs is 5 - 14 times higher than its

electricity consumption, the WWTPs are not always electricity self-sustaining.

8.1.2.2 Nitrogen and Phosphorus mass balance
The phosphorus mass balance of the four WWTPs shows that:

e 068.2 + 14.3% of wastewater phosphorus flowing into the works can be captured in the
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sludge and sent for sludge treatment via digestion,

e 31.8 £ 14.3 % of wastewater phosphorus energy flowing into the works remains in the

final effluent and is discharged to the water bodies,

e No wastewater phosphorus flowing into the works is lost to the atmosphere.

The nitrogen mass balance of the four WWTPs shows that:

e For WWTPs A and D has nitrification in the activated sludge process,

(@]

35.9 + 10.4% of wastewater nitrogen flowing into the works can be captured in
the sludge and sent for sludge treatment via digestion,

25.9 + 11.3 % of wastewater nitrogen flowing into the works is lost to the
atmosphere, potentially as N or N2O,

38.3 £ 0.9 % of wastewater phosphorus energy flowing into the works remains

in the final effluent and is discharged to the water bodies,

e For WWTPs B and C has nitrification in the activated sludge process,

o

33.0 + 10.4% of wastewater nitrogen flowing into the works can be captured in
the sludge and sent for sludge treatment via digestion,

No wastewater nitrogen flowing into the works is lost to the atmosphere,
potentially as N> or N>O,

67.0 = 15.3 % of wastewater phosphorus energy flowing into the works remains

in the final effluent and is discharged to the water bodies,

The nitrogen and phosphorus mass balance of the four WWTPs suggests that the approximately

two-thirds of the wastewater phosphorus and one-third of wastewater nitrogen are captured in

the sludge during the wastewater treatment. Unlike the COD and chemical energy, the final

effluent could contain a substantial proportion of 30-70% of the nutrient mass flowing into the

work. Moreover, this study finds nitrification may cause nitrogen lost to the atmosphere due to

the unexpected denitrification in the activated sludge process and the subsequent final

clarification.

The nitrogen and phosphorus mass balance of the sludge treatment study of the sludge

treatment of WWTP C shows that,

e  68.5% of the sludge nitrogen and 64.5% of the sludge nitrogen is distributed in the

filtrates and centrates of the sludge thickening and dewatering, and
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e 31.5% of the sludge nitrogen and 35.5 % of the sludge nitrogen remain in the dewatered

digested sludge.

On this basis, approximately 20-30% of the nitrogen and 35-55% of the nitrogen flowing into
the works are estimated to end up in the filtrates and centrates which will be recirculated back
to the head of the work. Meanwhile, approximately 7-14% of the nitrogen and 19-30% of the

nitrogen flowing into the work are estimated to be kept in the digested sludge.

8.1.3 Investigation of chemical energy balance and COD, nitrogen and phosphorus mass

balance

The third objective of this study is to identify potential waste recovery opportunities and

explore the impact of their implementation on the existing treatment process (via modelling)

Based on the chemical energy and COD mass balance study, this study found that even though
the chemical energy within the raw wastewater of the investigated WWTPs is 5-14 times higher
than its electricity consumption, the WWTPs are not always electricity self-sustaining.

The energy recovery opportunities are 1) to increase the chemical energy feed to the anaerobic
digestion, 2) to recover the unrecovered chemical energy kept in the dewatered digested sludge

(biosolid), and 3) to recover energy from wastewater directly.

Therefore, according to the opportunities discovered, four measures are proposed

e improving the efficiency of solids removal in primary settlement

¢ reducing the sludge retention time prior to the digestion

e recovering energy from the dewatered digested sludge via pyrolysis, and

e reducing the electricity consumption by replacing the activated sludge processes with

energy-generating anaerobic membrane reactor (AnMBR) units.

The current nutrient recovery focused on the agricultural land application of the dewatered
digested sludge and fertilizer recovery of the phosphate and ammonium from the raw sludge
centrate and digested sludge centrate, based on the nitrogen and phosphorus balance studied,
this study considers the opportunity is to improve the capturing of phosphorus to the sludge in

order to increase the nutrient loading distrusted to sludge filtrates and centrates and digested
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sludge. Thus, it proposed a measure of adding ferric dosing or enhanced biological phosphorus

removal (EBPR) to the current system.

The five proposed measures are built into case studies. The impact of their implementation on
the holistic energy balance and nutrient balance are explored mainly via modelling (exclude

the dewatered digested sludge pyrolysis) and are listed as followed:

¢ Improving the efficiency of solids removal in the primary settlement is able to increase the
feed chemical energy to the digester. Moreover, it also reduces the energy consumption on
the aeration process. Therefore, a better energy balance is achieved. However, the
uncertainty of this measure is that, if metal coagulant is used, it could bring adverse effect
to the digester. In nutrient wise, it the phosphate and ammonium loading distributed to the
raw sludge centrate and digested sludge centrate but increases total nitrogen and total
phosphorus loading in the digested sludge. Furthermore, it increases the nitrogen and

phosphorus loading distributed to the final effluent.

¢ Reducing the sludge retention time prior to the digestion reduces the chemical energy lost
to centrate and hence increaser the feed chemical energy to the digester. It delivers a better
energy balance. It also reduces the phosphate and ammonium loading distributed to the raw
sludge centrate and digested sludge centrate but increases total nitrogen and total

phosphorus loading in the digested sludge.

e Recovering energy from the dewatered digested sludge via pyrolysis leads to a better energy
balance since the chemical energy with dewatered digested sludge is unlocked. It makes no
impact on the phosphate and ammonium loading distributed to the raw sludge centrate and

digested sludge centrate.

e Replacing the activated sludge processes with energy-generating AnMBR units can lead to
a better energy balance if the AnMBR can be energy self-sufficient. That is because
substantial amount of the aeration energy is saved. However, this is highly uncertain
depending of the energy consumption (including both heating and pumping) on the process
itself (Martin et al., 2011). Meanwhile, this measure reduces both the phosphate and
ammonium loading distributed to the raw sludge centrate and digested sludge centrate and

207



the total nitrogen and total phosphorus loading in the digested sludge. More nitrogen and

phosphorus are therefore distributed to the final effluent.

e Implementation of both ferric dosing and EBPR to improve the phosphorus capturing barely
impacts the energy balance. The implementation of EBPR substantially improves the
phosphate loading distributed to the raw sludge centrate and digested sludge centrate but
barely impacts the phosphorus loading to the digested sludge. The implementation of ferric
dosing is in the opposite: it barely changes phosphate loading distributed to the raw sludge
centrate and digested sludge centrate but substantially increases the phosphorus loading to

the digested sludge. The nitrogen mass balance is only slightly impacted in this case.

The five case studies suggest that the measures aim to promote the energy balance is likely to
increase the nutrient loading distributed to the dewatered digested sludge or to the final effluent
but reduce the phosphate and ammonium loading distributed to the raw sludge centrate and
digested sludge centrate. This is adverse to the fertilizer recovery from the raw sludge and
digested sludge centrate but provides an opportunity of recovering nutrient directly from
wastewater. However, the measures aim to promote the nutrient recovery from sludge treatment

barely impacts the energy balance

Since the biosolid pyrolysis potentially has the least impact to the upstream wastewater and
sludge treatment process and could potentially reduce the landbank stress, the technical and
economic feasibility of its implementation on to the existing energy recovery system of WWTP
C is studied. The economic evaluation considering the payback period, NPV and IRR suggest
that the installation of biosolid pyrolysis is not currently economically feasible. From the
sensitivity study, the capital expenditure (CAPEX), pyrolysis efficiency and chemical energy
content are the most influential parameters to economic evaluation. This study considers
economic feasibility could be achieved in the future if CAPEX becomes lowered due to the
technology development, and/or incentive granted will be elevated as pyrolysis is encouraged

by the government.
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8.2 Recommendation

The breakdown of energy material in wastewater and sludge

This study has demonstrated that the chemical energy content of wastewater can be estimated
by multiplying its COD concentration by a value of 15.8 kJ/g COD. This 15.8 kJ/g COD only
represents the relationship between COD concentration and the total chemical energy contained
in wastewater, but not the energy content of a gram of COD because part of the chemical energy
is from the TKN (Scherson and Criddle, 2014). Therefore, understanding the energy content

of a gram of COD is a potential research area. So is recovering energy from TKN.

Wastewater and sludge are both mixtures. Their chemical energy is from different groups of
chemicals. This research did not investigate the breakdown of the energy contribution from
each chemical as it was not a primary aim of the research. Nevertheless, that is an area
recommended for future research because it may help target energy recovery technologies to

specific energy containing materials that are not recovered using current methods.

The establishing model of the innovative value recovery technology

In the nutrient recovery, a substantial proportion of nutrient remains in the final effluent
discharged. Recovery opportunity is, therefore, to recover this nutrient directly from
wastewater. However, the modelling software does not contain such a unit of ion exchange or
algal reactor. And hence, the modelling of the nutrient recovery directly from wastewater is
therefore hampered. Moreover, the microbial fuel/electrolysis cell is another promising energy
generating biological treatment (Stoll et al., 2018, Cotterill et al., 2018). Since it produces
different products of H» or electricity, it would be useful to model its implementation and then
compare to the CH4 generating anaerobic treatment. Therefore, it would be useful to has such

innovative recovery technologies programmed into the modelling software.

Chemical energy recovery

Although improving the solid removal efficiency of primary settlement is found beneficial to
the energy balance, the uncertainty of this measure is how to improve the solid removal
efficiency. If metal coagulant is used and is in high dosage, harmful effect may be caused to
the digester (Diamantis et al., 2013). Therefore, it is worth to discover effective coagulant for

improving the solid settling without harming the downstream digestion.
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As mentioned in Section 5.2.2, WWTP B has a high percentage of chemical energy captured
in the SAS. The reason of it is considered as that the high ferric content of the inflowing
wastewater causes bio-flocculation which reduce the chemical energy loss due to COD
oxidation. Therefore, coagulant dosing in the activated sludge process could be a potential

approach to improve the capturing of chemical energy in the activated sludge.

As stated in Section 8.1.2.1, approximately 30% of the sludge energy entered into the sludge
treatment ended in the filtrates and centrates. This study suggested reducing the sludge
retention time to reduce the chemical energy loading. This measure mainly focuses on reducing
the soluble energetic COD formed from the hydrolysis, fermentation and digestion of the
sludge. However, as shown in Table 5-4, majority of the COD in the primary sludge filtrate and
in the SAS filtrate are pCOD. Therefore, improving the solid retaining efficiency of the sludge
thickening and dewatering process could also leads to greater feed chemical energy to the

digestion.

Moreover, apart from reducing the energy loading in the filtrates and centrates for promoting
energy production, effort could be made on recovering the chemical energy directly from the
filtrates and/or centrates. As shown in Table 5-4, the COD content of the filtrates varies from
1,000-10,000 mg/L. Such a high concentration is favored by the anaerobic treatment or
microbial fuel cells (Stoll et al., 2018). Therefore, it is worth to investigate the treatability of

the filtrates and centrates in the anaerobic treatments and energy balance.

The recovery of nutrient and energy directly from wastewater requires a concentrated feed
wastewater (Stoll et al., 2018, Miinch and Barr, 2001). The measure for promoting value
recovery proposed in this study mainly focus on modifying the process inside the WWTPs and
1s unable to change to concentration of the valuable COD, nitrogen and phosphorus in the raw
wastewater. Therefore, effort could potentially be made on recovering the valuable from its

source via decentralized treatment (Capodaglio, 2017).
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Appendix A. TN Adjustment for Sludge Sample

In this study, Total Nitrogen content (TN%) was measured by the scientific service of Scottish
Water. Due to the logistical constraints the sludge was dried prior to the test. However,
Ammonia can be lost during the sludge drying (Maurer and Miiller, 2012, Huett, 1997), and
hence leads to the lower TN% of the sludge. Therefore, this study firstly adjusts the TN% of

the sludge.

TN% of the feed and thickened or dewatered sludge of WWTP C’s thickening and dewatering
facilities was adjusted via Equation 3-8 (shown in Section 3.2.2.4). The adjusted TN% (as

TN%adjusted) and the experimentally measured TN% (as TN%Measured) Were compared. Results

are shown in Table A-1.

Table A-1 Adjusted TN% of different type of sludge of Howdon WWTP

Type of Sludge No- of TN%Measuredy % TN%adjusteds %o TNYomeasurea: TN Yo Adjusted
Sampling

Primary Sludge 3 2.66 £0.46 3.18 £0.68 1.19 £0.08
Thickened Primary Sludge 3 2.58 £0.25 2.90 £0.67 1.12 £0.06
SAS 4 5.27 +£0.60 5.88 £0.64 1.12 +£0.01
Thickened SAS 4 6.67 +£0.78 6.75+0.79 1.01 +£0.00
Raw Sludge 5 3.60 +£1.24 4.58 £1.27 1.28 £0.12
Raw Centrifuged Cake 5 3.67 £0.56 3.82 £0.55 1.05+0.01
Digested Sludge 5 4.63 +£1.55 8.62 +1.87 1.89 +0.37
Digested Cake 5 4.65 £0.20 5.21 +0.30 1.12 £0.02

In Chapter 4 to 6, the TN% used is adjusted according to the TN%mMeasured: TN%0Adjusted Of the
corresponding type of sludge. For WWTP A and D, even though their primary sludge was
mixed with SAS and humus, since the TN%%Measured: TN%0Adjusted Of the primary sludge and

SAS is close the TN% of their primary sludge is adjusted by just multiplying by 1.19, which

is the TNYMeasured: TN%0Adjusted Of primary sludge.
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Appendix B. The value range of the kinetic and stoichiometry of the

biological models.

Table B-1 The value range of the kinetic and stoichiometry of the biological models

Parameter Defaul Lower Upper
Value boundary Boundary

Model Stoichiometry

Heterotrophic vield on soluble substrate
Aerobic heterotrophic yield on soluble substrate 0.6250 0.3800! 0.7500!
Anoxic heterotrophic yield on soluble substrate 0.5330 0.4264 0.62502

Methylotrophic Biomass
Aerobic methylotroph yield on methanol 0.4500 0.3600 0.5400
Anoxic methylotroph yield on methanol 0.3600 0.2880 0.4320

Fermentative Biomass

Yield of fermentative biomass 0.1800 0.1440 0.2160

Ammonia-Oxidizing Biomass
Ammonia-oxidizer yield 0.1800 0.05003 0.30003

Nitrite-Oxidizing Biomass
Nitrite-oxidizer yield 0.0600 0.0480 0.0720

Anammox Biomass

Biomass yield on NH4-N 0.1675 0.1340 0.2010

Poly-Phosphate-Accumulating Biomass (PAQOs)

Aerobic yield on PAO growth 0.6250 0.5000 0.7500
Anoxic yield on PAO growth 0.5110 0.4088 0.62502
PHA storage yield 0.4000 0.1000* 0.6000*
Xpp storage yield 0.2000 0.1000* 0.30004

Acetogenic Biomass
Acetogenic yield on propionate 0.0400 0.0320 0.0480

Hydrogenotrophic Methanogenic Biomass

Methanogenic yield on H2 0.0600 0.0480 0.0720
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Acetoclastic Methanogenic Biomass

Methanogenic yield on acetate

Unbiodegradable fraction from biomass decay

Unbiodegradable fraction from cell decay

Soluble inert COD fraction

Fraction of inert COD during slowly biodegradable organic

hydrolysis

Fraction of inert COD during inert residue hydrolysis

Fraction of inert COD during inert organic hydrolysis

Kinetics

Absorption of colloidal COD

Specific adsoprtion rate

Saturation/inhibition coefficient for Xs/Xbh

Heterotrophic biomass

Maximum specific growth rate on substrate
Saturation/inhibition coefficient for SS
Saturation coefficient for oxygen
Saturation coefficient for nitrogen as nutrient
Saturation coefficient for Nox-N as nutrient
Saturation coefficient for phosphorus (nutrient)
Saturation/inhibition coefficient for Sac
Saturation/inhibition coefficient for Spro
Reduction factor for denitrification on nitrate-N
reduction factor for denitrification on nitrite-N
Saturation coefficient for nitrite
Saturation coefficient for nitrate
Oxygen inhibition coefficient for denitrification
Aerobic heterotrophic decay rate
Anoxic reduction factor fro decay rate

Anaerobic reduction factor for decay rate

Methylotrophic Biomass
Maximum growth rate fro methylotrophs
Methanol saturation coefficient for methyltrophs

Saturation coefficient of nitrite for methyltrophs

213

0.0500

0.1000

0.0000

0.0000
0.0000

0.1000
0.0500

6.0000
4.0000
0.2000
0.0500
0.5000
0.0100
4.0000
4.0000
0.3200
0.4800
0.1000
0.5000
0.2000
0.4000
0.9000
0.6000

1.3000
0.5000
0.1000

0.0400

0.0800

0.0000

0.0000
0.0000

0.0800
0.0400

0.6000"
3.2000°
0.0100
0.0400!
0.1000°
0.0050*
3.5000*
3.2000
0.2560
0.3840
0.0800
0.4000
0.1600
0.0200
0.7200
0.4800

1.0400
0.4000
0.0800

0.0600

0.2500°

0.0000

0.0000
0.0000

0.1200
0.0600

13.2000!
15.0000
0.5000!
0.2000
0.5500°
0.0150*
4.5000*
4.8000
0.9000*
0.5760
0.1200
0.6000
0.2400
1.6000°
1.0800
0.7200

1.5600
0.6000
0.1200



Saturation coefficient of nitrate fro methyltrophs
Oxygen saturation for methyltrophs
Reduction factor for denitrification on nitrate-N
Reduction factor for denitrification on nitrite-N
Oxygen inhibition ocefficient for denitrification
Aerobic methylotrophic decay rate
Anoxic recution factor fro decay rate

Anearobic methylotrophic decay rate

Ammonia-Oxidizing Biomass
Maximum growth rate for ammonia oxidizer
Ammonia saturation coefficient for ammonia oxidizer
Oxygen saturation for ammonia oxidizer
Inhibition coefficient of FA for ammonia oxidizer
Inhibition coefficient of FNA for ammonia oxidizer
ammonia oxidizer aerobic decay rate
anoxic reduction factor for decay rate

anaerobic recution factor for decay rate

Nitrite-Oxidizing Biomass
Maximum growth rate for nitrite oxidizer
Nltrite saturation coefficient for nitrite oxidizer
Oxygen saturation for nitrite oxidizer
Inhibition coefficient of FA for nitrite oxidizer
Inhibition coefficient of FNA for nitrite oxidizer
nitrite oxidizer aerobic decay rate
anoxic reduction factor for decay rate

anaerobic recution factor for decay rate

Anammox Biomass

Maximum growth rate for anammox bacteria
Ammonia saturation coefficient for anammox bacteria
Nitrite saturation for anammox bacteria
Oxygen saturation/inhibition for anammox bacteria
aerobic decay rate of anammox bacteria
anoxic reduction factor for decay rate

anaerobic recution factor for decay rate

Poly-Phosphate-Accumulating Biomass (PAOs)
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0.1000
0.2000
0.4000
0.6000
0.2000
0.2000
0.9000
0.6000

1.0000
1.0000
0.5000
50.0000
0.2000
0.1500
0.5000
0.3000

1.0000
0.5000
0.6800
1.0000
0.0900
0.1700
0.5000
0.3000

0.0186
0.7300
0.5000
0.1000
0.0058
0.5000
0.3000

0.0800
0.1600
0.3200
0.4800
0.1600
0.1600
0.7200
0.4800

0.20007
0.2000!
0.2000?
40.0000
0.1600
0.0200!
0.4000
0.2400

0.8000
0.0400?
0.1000?
0.8000
0.0720
0.1360
0.3000?
0.2400

0.0148
0.5840
0.4000
0.0800
0.0046
0.4000
0.2400

0.1200
0.2400
0.4800
0.7200
0.2400
0.2400
1.0800
0.7200

1.2000

1.5000!
3.0000!
60.0000
0.2400

0.2300°
1.5000!
0.3600

1.2000
0.6000
0.8160
1.2000
0.1080
0.2040
0.6000
0.3600

0.0223
0.8760
0.6000
0.1200
0.0070
0.6000
0.3600



Rate constant for storage of PHA
Saturation coefficient of PAO for Sac
Saturation coefficient for Xpp/Xbp
Saturation coefficient of PAO for Spro
Maximum growth rate of PAO
Saturation coefficient for PHA
Saturation coefficient for oxygen
Rate constant for storage of poly-phosphate
Maximum ratio of Xpp/Xpao
Inhibition coefficient for Xpp/Xbp
P saturation for uptake
Reduction factor for denitrification on nitrate-N
Reduction factor for denitrification on nitrite-N
Saturation coefficient of nitrite for PAO
Saturation coefficient of nitrate for PAO
Oxygen inhibition coefficient for denitrification
aerobic decay rate for PAO
anoxic reduction factor for decay rate
anaerobic reduction factor for decay rate
Poly-P lysis coefficient
PHA lysis coefficient

Fermentative Biomass

Maximum fermentation rate
Oxygen saturation for obligate anaerobic biomass
Nitrate saturation forobligate anaeobic biomass
Substrate saturation for fermentative biomass
Hydrogen saturation/inhibition for acidifier
Acrobic decay rate for fermentative biomass
Anoxic reduction factor for decay rate

anaerobic reduction factor for decay rate

Acetogenic Biomass

Maximum growth rate of propionate degrading bacteria
Undissociated propionate saturation for propionate
degrading bacteria
Hydrogen inhibition for propionate degrader
Aerobic decay rate for acetogens
Anoxic reduction factor for decay rate

Anaerobic reduction factor for decay rate
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3.0000
4.0000
0.0100
4.0000
1.0000
0.0100
0.2000
1.5000
0.3400
0.0200
0.2000
0.2400
0.3600
0.5000
0.5000
0.2000
0.2000
0.9000
0.6000
0.2000
0.2000

3.0000
0.1000
0.1000
4.0000
10.0000
0.1333
0.5000
0.3000

0.3500
10.0000

5.0000
0.0670
0.5000
0.3000

2.0000*
2.00002
0.0080
3.2000
0.6700*
0.0070*
0.1600
1.0000*
0.20008
0.0100*
0.1000*
0.1920
0.2880
0.4000
0.4000
0.1600
0.1000*
0.6000?
0.4800
0.1000*
0.1000*

1.5000*
0.0800
0.0800
3.2000
8.0000
0.1066
0.4000
0.2400

0.2800
8.0000

4.0000
0.0536
0.4000
0.2400

6.0000*
4.8000
0.0200*
4.8000
1.2000
0.0150*
0.2400
2.50002
0.51008
0.0300*
0.3000*
0.2880
0.4320
0.6000
0.6000
0.2400
0.2400
1.0800
0.7200
0.3000*
0.2400

3.6000
0.1200
0.1200
4.8000
12.0000
0.1600
0.6000
0.3600

0.4200
12.0000

6.0000
0.0804
0.6000
0.3600



O~ ON DN B W~

Hvdrogenotrophic Methanogenic Biomass

Maximum growth rate of H2-utilizing bacteria
Hydrogen saturation for hydrogenotrophic methanogens
Acrobic decay rate for hydrogenotrophic methanogens
Anoxic reduction factor for decay rate

Anaerobic reduction factor for decay rate

Acetoclastic Methanogenic Biomass

Maximum growth rate of acetate utilizing bacteria
Acetate saturation for hydrogenotrophic methanogens
Aerobic decay rate for acetoclastic methanogens
Anoxic reduction factor for decay rate

Anaerobic reduction factor for decay rate

Hydrolysis

Hydrolysis rate constant for xs
Saturation coefficient for particulate COD
Anoxic hydrolysis reduction factor
Anaerobic hydrolysis reduction factor
Saturation /ihibiton coefficient for NOx
Hydrolysis rate constant for inert residue
Saturation coefficient for inert residue
Hydrolysis rate constant for inert organic

Saturation coefficient for inert organic

Ammonification

Ammonification rate

: The value is reported in Jeppsson (1996)

: The value is reported in Drewnowski et al. (2018)

: The value is reported in Weijers and Vanrolleghem (1997)
: The value is reported in Henze et al. (2000)

: The value is recommended by GPS-X 7.0

: The value is reported in Liwarska-Bizukojc et al. (2011)

: The value is reported in Petersen et al. (2002)

: The value is reported in Rieger et al. (2001)
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0.3680
2.5000
0.0330
0.5000
0.3000

0.1500
75.0000
0.0670
0.5000
0.3000

3.0000
0.1000
0.6000
0.4000
0.5000
0.0300
1.0000
0.0300
1.0000

0.0800

0.2944
2.0000
0.0264
0.4000
0.2400

0.1200
60.0000
0.0536
0.4000
0.2400

0.9600!
0.01007
0.4000°
0.1000?
0.4000
0.0240
0.8000
0.0240
0.8000

0.0640

0.4416
3.0000
0.0396
0.6000
0.3600

0.1800
90.0000
0.0804
0.6000
0.3600

3.6000
0.2000?
1.00003
0.4500*
0.6000
0.0360
1.2000
0.0360
1.2000

0.0960



Appendix C. Sludge density calculation

Sludge consists water, fix solid (FS) and volatile solid (VS). The latter two compose the total
solid (TS). Thus, both mass or volume of sludge is the total mass or volume of the three. As
volume is calculated by diving the mass (m) with specific density, thus
Equation C-1
Msiudge  Mwater Mys Mgg

= My (24 )

pSludge Pwater Pys Prs

where msiuage, Mwater, mys and mrs are the mass of the sludge, water content, volatile solid and
fixed solid, respectively; psiuage, pwater, pvs and prs are the density of the sludge, water content,

volatile solid and fixed solid, respectively

By diving the msuaee on both side of Equation B-1, gets
Equation C-2
1 mWater/mSludge mVS/mSludge mFS/mSludge

= +( + )

Psiud ge Pwater Pys Prs

where My grer /Msiuage 1s the percentage water content of the sludge which is calculated by
subtracting the TS% from 100%, myg/Mgpqg. is the percentage VS content of the sludge
which can be calculated by multiplying the TS% with the VS%, mpgg/mgp,q4e 1s the

percentage FS content of the sludge which can be calculated by multiplying the TS% with (1-

VS%). Thus,
Equation C-3
1 1-TS% VS% XTS% (1—-VS%)XTS%
= +( + )

pSludge Pwater Pvs PFs

The specific density of water is 1 g/cm®, and the specific density of VS and FS are commonly

taken as 1 g/cm® and 2.5 g/cm® (Andreoli, C.V., et al, 2007), respectively. Therefore, the specific

density of sludge is
Equation C-4
1
Psiudge = 1—TS% VS% XTS% , (1 —-VS%) XTS%

where 78% is the total solid percentage, V§% is the volatile solid percentage (to total solid).
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Sewage sludge collected in this study commonly has TS% varies from 0.5% to 24.0%, and VS%
varies from 60% to 80%. In this range of TS% and VS%, the specific density of sludge
increases with the increase of TS% and the decrease of VS% but is within range of 1.001 to
1.061 ton/m>. Thus, the specific density of all the sludge in this study were assumed as 1 ton/m?
(1,000 g/L).
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Appendix D. Model calibration

The most important parameters of influent fraction, kinetic and stoichiometric that influence
the modelling results, and are therefore subject to adjustment in the model for each WWTP, are
listed in the Tables D-1 to D-4. The table also presents the 6;"*% (that indicates the influence of
the parameter to the entire model), the adjusted value, the order of adjustment, and the category

each adjusted parameter belongs to.

Table D-1 The calibrated parameters of the wastewater treatment model of WWTP A
Adjusted Tuning

Ranking Category* Parameters ojmsar Value Order
1 ASM Aerobic heterotrophic yield on soluble substrate 1.682 0.4277 Step 2
2 ASM Maximum growth rate for ammonia oxidizer 1.083 1.1306 Step 3
3 ASM Acrobic heterotrophic decay rate 0.741 0.0282 Step 2
4 Pri-ASM Anoxic heterotrophic yield on soluble substrate 0.388 0.4680 Step 3
5 Inf Soluble inert fraction of total COD 0.350 0.1768 Step 1
6 Final-ASM  Aerobic heterotrophic decay rate 0.282 0.6955 Step 2
7 ASM Anoxic heterotrophic yield on soluble substrate 0.257 0.4320 Step 3
8 Pri-Set Flocculant zone settling parameter 0.213 0.0012 Step 2
9 Final-ASM  Saturation coefficient for phosphorus (nutrient) 0.196 0.0085 Step 2
10 Final-ASM  Maximum specific growth rate on substrate 0.192 3.9115 Step 2
11 Final-ASM  Aerobic heterotrophic yield on soluble substrate 0.182 0.7491 Step 2
12 Inf Readily biodegradable fraction of total COD 0.182 0.0501 Step 1
13 Pri-Set Maximum Vesilind settling velocity 0.181 263.1532 Step 2
14 Final-Set Flocculant zone settling parameter 0.180 0.0020 Step 2
15 Final-Set Maximum Vesilind settling velocity 0.166 233.7769 Step 2
16 Pri-ASM Reduction factor for denitrification on nitrate-N 0.154 0.3001 Step 3
17 Pri-ASM Maximum specific growth rate on substrate 0.154 6.2283 Step 3
18 Pri-ASM Saturation coefficient for nitrate 0.150 0.5717 Step 3
19 Pri-Set Maximum non-settleable solids 0.144 16.4233 Step 2

20 ASM Saturation coefficient for nitrate 0.115 0.4301 Step 3
21 Inf P content of soluble inert material 0.115 0.0063 Step 1
22 Final-ASM  Anoxic heterotrophic yield on soluble substrate 0.115 0.4507 Step 3
23 ASM Reduction factor for denitrification on nitrate-N 0.109 0.2889 Step 3
ASM Ammonia oxidizer aerobic decay rate** 0.0239 Step 3

Inf Colloidal fraction of slowly biodegradable COD 0.0494 Step 1

Chemical dosage for sCOD removal (kg/d) 0.7410 Step 1

*:“Inf” stands for influent fraction, “Pri-ASM” stands for the biological model of the primary settlement, “Pri-
Set” stands for the settling model of the primary settlement, “ASM” stands for the biological model of the activated
sludge process, “Final-ASM” stands for biological model of the final clarification, “Final-Set” stands the settling
model of the final clarification, “V-sCOD” stands for the virtual chemical dosing for sCOD removal, and “SYS-
BMS” stands for the biochemical model settings in the system setting of the model.

**: Based on the modeller’s knowledge, Ammonia oxidizer aerobic decay rate was added in the step 3 calibration
in order to adjust the predicted NH4*-N concentration close to the observed value.
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Table D-2 The calibrated parameters of the wastewater treatment model of WWTP B

Ranking Category*

1 Pri-Set

2 ASM

3 ASM

4 Inf

5 ASM

6 Inf

7 ASM

8 Final-Set

9 Final-Set

10 ASM

11 ASM

12 ASM

13 ASM

14 Inf

15 ASM

16 Pri-ASM

17 Inf

18 ASM
V-sCOD

V-P

Parameters

Maximum Settleable TSS Fraction

Aerobic heterotrophic yield on soluble
substrate

Maximum growth rate for ammonia oxidizer
Readily biodegradable fraction of total COD
ammonia oxidizer acrobic decay rate
Soluble inert fraction of total COD
Ammonia saturation coefficient for ammonia
oxidizer

Flocculant zone settling parameter
Maximum Vesilind settling velocity

Anoxic heterotrophic yield on soluble
substrate

Aerobic heterotrophic decay rate
Unbiodegradable fraction from cell decay
Anoxic reduction factor for decay rate

Colloidal fraction of slowly biodegradable
COD

Ammonia-oxidizer yield

Rate constant for storage of poly-phosphate
N content in soluble inert material

Oxygen saturation for ammonia oxidizer

Chemical dosage for virtual sSCOD removal

Chemical dosage for virtual phosphate
removal

6jmsqr
1.006

0.572

0.388
0.380
0.296
0.254

0.233

0.188
0.171

0.148

0.116
0.114
0.111

0.106

0.097
0.095
0.082
0.070

Adjusted
Value

0.6892
0.7499

0.9081
0.1972
0.1714
0.0655

1.0501

0.0039
372.6467

0.5485

0.0206
0.1537
0.5796

0.1307

0.1708
1.6220
0.0516
0.6622

2.7956
1250.6702

Tuning
Order
Step 2
Step 2
Step 3
Step 1
Step 3
Step 1
Step 3
Step 2
Step 2
Step 2
Step 2
Step 2
Step 3
Step 1
Step 3
Step 3
Step 3
Step 3

Step 1
Step 1

*:“Inf” stands for influent fraction, “Pri-ASM” stands for the biological model of the primary settlement, “Pri-
Set” stands for the settling model of the primary settlement, “ASM?” stands for the biological model of the activated
sludge process, “Final-ASM” stands for biological model of the final clarification, “Final-Set” stands the settling
model of the final clarification, “V-sCOD” stands for the virtual chemical dosing for sSCOD removal, V-P stands
for the virtual chemical dosing for phosphate removal, and “SYS-BMS” stands for the biochemical model settings
in the system setting of the model.
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Table D-3 The calibrated kinetics and stoichiometry of the wastewater treatment model of WWTP C

Ranking Category* Parameters 3y A(\l/]alilslteed 21:1(;215
1 Inf Readily biodegradable fraction of total COD 0.545 0.1943 Step 1
) ASM Acrobic heterotrophic yield on soluble 0.324 0.3830 Step 3

substrate
3 Final-Set  Flocculant zone settling parameter 0.207 0.0025 Step 3
4 Final-Set ~ Maximum Vesilind settling velocity 0.194 211.0880 Step 3
5 Inf Soluble inert fraction of total COD 0.151 0.0752 Step 1
6 ASM Hydrolysis rate constant for xs 0.144 2.8962 Step 3
7 Pri-Set Flocculant zone settling parameter 0.093 0.0012 Step 2
8 ASM Aerobic heterotrophic decay rate 0.081 0.1529 Step 3
9 Pri-Set Maximum Vesilind settling velocity 0.079 249.9797 Step 2
10 Pri-Set Maximum non-settleable solids 0.073 99.1407 Step 2
Inf Colloidal fraction of slowly biodegradable 0.0453 Step 1

COD

V-sCOD  Chemical dosage for sCOD removal (kg/d) 5.3398 Step 1
SYS-BMS N content of heterotrophic biomass** 0.0593 Step 3
SYS-BMS N content of unbiodegradable biomass** 0.0651 Step 3
SYS-BMS P content of heterotrophic biomass** 0.0411 Step 3
SYS-BMS P content of unbiodegradable biomass** 0.0323 Step 3

*:“Inf” stands for influent fraction, “Pri-ASM” stands for the biological model of the primary settlement, “Pri-
Set” stands for the settling model of the primary settlement, “ASM?” stands for the biological model of the activated
sludge process, “Final-ASM” stands for biological model of the final clarification, “Final-Set” stands the settling
model of the final clarification, “V-sCOD” stands for the virtual chemical dosing for sSCOD removal, V-P stands
for the virtual chemical dosing for phosphate removal, and “SYS-BMS” stands for the biochemical model settings
in the system setting of the model.

**: In order to adjust the predicted total nitrogen and total phosphorus concentration of the surplus activated
sludge close to the observed value. The range given to the N content of heterotrophic biomass, N content of
unbiodegradable biomass, P content of heterotrophic biomass, P content of unbiodegradable biomass were 0.05-
0.087 gN/g, 0.035-0.087 gN/gCOD, 0.015-0.056 gP/gCOD and 0.011-0.056 gP/COD, respectively. The range is
determined from the value reported in Brdjanovic et al. (2015) and Labelle et al. (2017)

The parameter of influent fraction (of digester feed sludge), kinetic and stoichiometric
parameters that influence the biological modelling results of the sludge storage, sludge
thickening and dewatering processes, and the anaerobic digestion, and are therefore subject to
adjustment in the model for each WWTP, are listed in the Tables D-5 to D-8. The table also

presents the adjusted value and the category those adjusted parameter belongs to.
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Table D-4 The calibrated kinetics and stoichiometry of the wastewater treatment model of WWTP D

Ranking Category*

1 ASM
2 Inf
3 ASM
4 ASM
5 Inf
6 ASM
7 ASM
8 Final-Set
9 ASM
10 Final-Set
11 Pri-Set
12 ASM
13 Inf
14 Inf
15 Pri-Set
16 ASM
17 Pri-Set
18 ASM
19 ASM
20 ASM
V-sCOD

Parameters

Aerobic heterotrophic yield on soluble
substrate

Readily biodegradable fraction of total COD
Anoxic heterotrophic yield on soluble
substrate

Maximum growth rate for ammonia oxidizer
Soluble inert fraction of total COD
Ammonia oxidizer aerobic decay rate
Ammonia saturation coefficient for ammonia
oxidizer

Flocculant zone settling parameter

Reduction factor for denitrification on nitrite-
N

Maximum Vesilind settling velocity
Flocculant zone settling parameter

Oxygen inhibition coefficient for
denitrification

N content of soluble inert material

Colloidal fraction of slowly biodegradable
COD

Maximum Vesilind settling velocity
Oxygen saturation for ammonia oxidizer
Maximum non-settleable solids

Aerobic heterotrophic decay rate
Unbiodegradable fraction from cell decay

Maximum growth rate for nitrite oxidizer

Chemical dosage for sCOD removal (kg/d)

.msqr
o;™sd

0.486
0.360
0.310

0.250
0.247
0.198

0.184
0.180
0.168

0.163
0.123

0.111
0.105
0.105

0.105
0.097
0.096
0.082
0.080
0.075

Adjusted
Value

0.7341
0.1626
0.5427

0.4778
0.0946
0.2068

1.0525
0.0044
0.5737

489.9424
0.0012

0.2400
0.1500
0.1508

263.3874
0.2023
17.1448
0.9471
0.1841
0.8041

0.9992

Tuning
Order

Step 2
Step 1
Step 2

Step 3
Step 1
Step 3

Step 3
Step 2
Step 3
Step 2
Step 2
Step 3
Step 3
Step 1
Step 2
Step 3
Step 2
Step 2
Step 2
Step 3

Step 1

*:“Inf” stands for influent fraction, “Pri-ASM” stands for the biological model of the primary settlement, “Pri-
Set” stands for the settling model of the primary settlement, “ASM?” stands for the biological model of the activated
sludge process, “Final-ASM” stands for biological model of the final clarification, “Final-Set” stands the settling
model of the final clarification, “V-sCOD” stands for the virtual chemical dosing for sSCOD removal, V-P stands
for the virtual chemical dosing for phosphate removal, and “SYS-BMS” stands for the biochemical model settings
in the system setting of the model.
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Table D-5 The calibrated kinetics and stoichiometry of the primary sludge storage, thickening and dewatering

Category*
I-ASM
I-ASM
I-ASM
I-ASM
I-ASM

PS-ASM
PS-ASM
PS-ASM
PS-ASM
PS-ASM
PS-ASM

PS-Drum
PS-Drum
PS-Drum
PS-Drum

Parameters
Yield of fermentative biomass
Aerobic heterotrophic decay rate
Anaerobic reduction factor for decay rate (in Heterotrophic Biomass section)
Hydrolysis rate constant for xs
Anaerobic reduction factor for decay rate (in Hydrolysis section)

Yield of fermentative biomass

Aerobic heterotrophic decay rate

Anaerobic reduction factor for decay rate (in Heterotrophic Biomass section)
Hydrolysis rate constant for xs

Saturation coefficient for particulate COD

Anaerobic reduction factor for decay rate (in Hydrolysis section)

Fraction of influent flow
Removal efficiency of particulate inert material
Removal efficiency of slowly biodegradable substrate

Removal efficiency of nitrogen in slowly biodegradable substrate

Adjusted Value
0.1441
0.8848
0.6788
3.5989
0.2680

0.1685
0.1498
0.5508
3.3313
0.1070
0.3913

0.5602
0.9938
0.8141
0.7325

*: ]-ASM and PS-ASM stands for the biological model of the virtual imported sludge tank and of the primary
sludge storage tank, respectively. Meanwhile, PS-Drum stands for the operational parameters of the drum
thickener of primary sludge.

Category*
SAS-ASM
SAS-ASM
SAS-ASM

SAS-ASM
SAS-ASM

SAS-Drum
SAS-Drum
SAS-Drum
SAS-Drum

Table D-6 The calibrated parameters of the SAS storage, thickening and dewatering

Parameters
Yield of fermentative biomass
Aerobic heterotrophic decay rate

Anaerobic reduction factor for decay rate (in Heterotrophic Biomass
section)
Hydrolysis rate constant for xs

Anaerobic reduction factor for decay rate (in Hydrolysis section)

Fraction of influent flow
Removal efficiency of particulate inert material
Removal efficiency of nitrogen in slowly biodegradable substrate

Removal efficiency of heterotrophic biomass

Adjusted Value
0.1461
0.4044

0.5436

0.9679
0.1005

0.1050
0.9980
0.8143
0.8198

*: SAS-ASM stands for the biological model of the virtual surplus activated sludge (SAS) tank. Meanwhile,
SAS-Drum stands for the operational parameters of the drum thickener of SAS.
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Table D-7 The calibrated parameters of the raw sludge storage, thickening and dewatering

Category*
Raw-ASM
Raw-ASM
Raw-ASM

Raw-ASM
Raw-ASM
Raw-ASM

Raw-Drum
Raw-Drum
Raw-Drum
Raw-Drum
Raw-Drum
Raw-Drum

Parameters
Yield of fermentative biomass
Aerobic heterotrophic decay rate

Anaerobic reduction factor for decay rate (in Heterotrophic Biomass

section)
Hydrolysis rate constant for xs

Saturation coefficient for particulate COD
Anaerobic reduction factor for decay rate (in Hydrolysis section)

Fraction of influent flow

Removal efficiency of particulate inert material

Removal efficiency of slowly biodegradable substrate

Removal efficiency of nitrogen in slowly biodegradable substrate

Removal efficiency of phosphorus in slowly biodegradable substrate

Removal efficiency of heterotrophic biomass

Adjusted Value
0.1921
0.4401

0.5162

2.2344
0.1179
0.1778

0.1643
0.9707
0.9048
0.9048
0.9664
0.9943

*: RAW-ASM stands for the biological model of the virtual raw sludge tank. Meanwhile, SAS-Drum stands for
the operational parameters of the centrifuge of raw sludge.

Table D-8 The calibrated parameters of the anaerobic digestion process and subsequent sludge storage,

Category*
DF-Inf
DF-Inf
DF-Inf

AD-ASM
AD-ASM

DS-Drum
DS-Drum
DS-Drum
DS-Drum
DS-Drum
DS-Drum
DS-Drum

Sys-BMS
Sys-BMS

thickening and dewatering

Parameters
Particulate inert fraction of total COD
N content of inert particulate material
P content of inert particulate material

Yield of fermentative biomass

Fraction of inert COD during slowly biodegradable organic hydrolysis

Fraction of influent flow

Removal efficiency of particulate inert material
Removal efficiency of unbiodegradable cell product
Removal efficiency of fermentative biomass

Removal efficiency of acetogenic biomass

Removal efficiency of acetolactic methanogenic biomass

Removal efficiency of hydrogenotrophic methanogenic biomass

C content of inert particulate material
C content of slowly biodegradable substrate

Adjusted Value
0.1994
0.0377
0.0263

0.2149
0.0419

0.1296
0.9983
0.4952
0.9657
0.6823
0.6823
0.7067

0.3092
0.3167

*: DF-Inf stands for influent fraction of the digester feed, AD-ASM stands for the biological model of the
anaerobic digestion, DS-Drum stands for the operational parameters of the drum thickener of digested sludge,
and Sys-BMS the biochemical model settings in the system setting of the model.
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Appendix E.

The observed and predicted flow and concentration data

Table E-1 The observed and predicted flow and concentration of the modelling of wastewater treatment of four WWTPs

WWTP A WWTP B WWTP C WWTP D
Stream Unit Observed Predicted Observed Predicted Observed Predicted Observed Predicted
Value Value Value Value Value Value Value Value
Primary Effluent sCOD, mg/L 193.4 200.1 193.2 187.4 180.8 180.7 86.5 87.1
Primary Effluent pCOD, mg/L 227.9 206.4 199.0 197.8 276.9 276.9 82.3 92.9
Primary Effluent NH*-N, mg/L 27.6 29.4 34.6 37.7 43.1 41.8 20.8 19.5
Primary Effluent TKN, mg/L 34.7 38.9 42.0 46.6 58.6 51.3 27.9 26.7
Primary Effluent ~ PO,*-P, mg/L 1.8 2.3 4.9 5.3 7.1 6.7 1.6 15
Primary Sludge COD, mg/L 34844.1 34843.9 43951.2 43120.0 e & 24212.7 24210.8
Primary Sludge TN, mg/L 1125.7 945.8 1130.0 1336.0 * * 835.8 1013.8
Primary Sludge TP, mg/L 518.2 308.5 379.0 298.7 * * 243.2 264.4
Final Effluent sCOD, mg/L 21.3 19.6 29.0 24.6 47.0 46.5 23.5 21.9
Final Effluent pCOD, mg/L 19.9 19.8 16.8 13.9 46.8 46.2 5.0 5.8
Final Effluent NH*-N, mg/L 0.20 0.88 30.1 31.9 37.9 38.0 2.3 3.0
Final Effluent TKN, mg/L 4.1 4.4 30.5 33.9 40.7 44 .4 8.7 7.0
Final Effluent Nitrate-N, mg/L 13.4 13.7 0.0 0.0 0.0 0.0 2.9 4.7
Final Effluent TN, mg/L 17.5 20.6 30.5 33.9 40.7 44 .4 11.8 12.2
Final Effluent Op, mg/L 0.9 1.0 3.0 2.1 3.8 3.8 1.6 14
Surplus Flow, m3/d 204.0 222.9 2712.4 2460.5 6041.0 6238.2 1032.0 888.7
Activated Sludge
Surplus COD, mg/L 6159.5 5425.4 5053.1 5195.8 6389.5 6949.5 2522.4 2809.3
Activated Sludge
Surplus TN, mg/L 377.9 348.1 284.0 287.3 358.0 351.6 163.6 188.8
Activated Sludge
Surplus TP, mg/L 99.8 96.1 121.0 89.9 183.0 179.1 39.2 43.4

Activated Sludge

*: No sample was collected, and hence no observed value was obtained.
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Table E-2 The observed and predicted flow and concentration of the modelling of sludge thickening, dewatering and digestion of WWTP C

Primary sludge thickening SAS thickening Raw sludge dewatering Digested sludge dewatering

Stream Unit Observed Predicted Observed Predicted Observed Predicted Observed Predicted
Value Value Value Value Value Value Value Value

Feed Sludge ~ COD, mg/L  37917.7 37472.7 * * 41780.8 46870.5 49061.1 40834.3
Feed Sludge TN, mg/L 1051.0 1051.1 * * 1857.1 1705.0 4797.3 4315.0
Feed Sludge TP, mg/L 368.0 367.9 * * 629.2 691.4 1082.2 1099.1
Filtrate/Centrate COD, mg/L 9775.0 9780.6 1598.3 1609.3 10595.0 10582.5 6520.0 6471.3
Filtrate/Centrate sr(ri;)/[i, 2657.9 2648.4 34.9 477 6072.5 6062.9 4074.6 3993.1
Filtrate/Centrate prﬁglf_)' 71171 7132.2 1563.4 1561.6 45225 4519.6 2445 4 24783
Filtrate/Centrate an_:z; /'LN' 1645 164.6 32.9 40.6 428.8 491.3 2243.1 2238.7
Filtrate/Centrate  TKN, mg/L 2735 273.9 88.5 88.5 530.3 597.8 32443 2608.7

) i

Filtrate/Centrate Pg‘é /LP' 66.2 31.7 16.6 5.7 203.8 178.7 2285 2285

Des"l"j;‘;ree‘j COD, mg/L  59813.1 60021.3 477417 50480.8 244210.7 253699.5 276618.2 255423.9

D%"I"j;‘;reed TN, mg/L 1646.4 1684.0 2972.1 2496.9 8127.4 8015.9 14991.3 14970.8
Des"l"j;‘;ree‘j TP, mg/L 547.0 504.4 1359.4 1359.6 2796.7 2796.6 5281.9 5879.1

Biogas, m3/d m3/d * * * * * * 39633.1 39940.0

CO2, m3/d ma/d * * * * * * 15853.3 15500.0

CH4, m3/d ma/d * * * * * * 23779.9 24360.0

*: No sample was collected, and hence no observed value was obtained.
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Appendix F. Conceptual modelling for investigating the impact of

population equivalent to energy and mass balance

Introduction
This case study is to investigate the impact of population equivalent on the COD, total nitrogen

(TN) and total phosphorus (TP) mass balance and the chemical energy balance.

Method

To a wastewater treatment plant (WWTP), the most noticeable impact of the population
equivalent is on the flow. Therefore, this case study investigates the chemical and energy
balance of four scenarios with different flow conditions of 10,000 m?/d, 50,000 m>/d, 150,000
m?/d, and 250,000 m®/d, respectively. The mass balance and chemical energy balance

construction is based on the predicted result from conceptual modelling.

A conceptual wastewater treatment work consists of primary settlement, activated sludge, and
final clarification are constructed. The primary sludge and surplus activated sludge (SAS) are

discharged separately. The conceptual model CM-F-1 is shown in Figure F-1.

Biological Reaction Control for Primary Settiement and Final Clarification

[

Raw Wastewater Primary Settiement Activated Sludge Final Clarification Discharge

=N ’ ® =

-

Figure F-1 The conceptual model CM-F-1

The key features of the model are listed:

e For dimension wise, in order to provide the same extent of treatment, the hydraulic
retention time of the primary settlement, activated sludge, and final clarification are
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assumed 3 hours, 2.4 hours, and 3 hours, respectively, according to the HRT of the
corresponding process of the four investigated WWTPs (calculated via tank size stated
in Table 3-2 and 3-3 and flow data stated in Table 5-1). Therefore, the tank sizes are
varied accordingly as shown in Table F-1

Table F-1 Dimensions of the primary settler, aeration tank and final clarifier

Primary Settler* Aeration Tank** Final Clarifier*
Flow, Side
Side Wall Centre Surface  Depth Tank Centre Surface
m3/d Wall
Depth, m  Depth,m  Area, m’ ,m Volume, m? Depth, m  Area, m?
Depth, m
10000 2.0 3.6 500 4.0 2000 2 3.5 1000
50000 2.0 3.6 2500 4.0 10000 2 3.5 5000
150000 2.0 3.6 7500 4.0 30000 2 3.5 15000
250000 2.0 3.6 12500 4.0 50000 2 3.5 25000

*: The Sloping bottom circular primary clarifier is used in both the primary settlement and final clarification
*%: The plug flow tank unit is used in the activated sludge.

e For control wise, in all four scenarios,

o The proportional-integral-derivative (PID) controller is applied to the
discharge of primary sludge. The total suspended solid (TSS) content of the
discharged primary sludge is the control variable and is set as 30,000 mg/L,

o The dissolved oxygen (DO) setpoint is 2.0 mg/L,

o The PID controller is applied to the discharge of SAS. The mixed liquor
suspended solid is the control variable and is set as 2,000 mg/L.

e For mechanical and biological reaction wise,

o The kinetics of the settling of the primary settlement and final clarification
remains the default value,

o Both primary settlement tank and final clarification tank are biological reactive
and are control by the same virtual “Plug Flow Tank™ unit as shown in Figure
F-1,

o The stoichiometry and kinetics of the biological reactions are the same as the
value stated in the “Initial Value” column of Table B-1.

e The influent characterization of the raw wastewater remains the software default value,
expect the total phosphorus content and ortho-phosphate content are adjusted to 5.0
mg/L and 3 mg/L, respectively.
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Results and discussions
The COD, TN and TP mass balance and the chemical energy balance of four scenarios four
scenarios with different flow conditions are constructed based on the predicted result and are

shown in Table F-2.

Table F-2 Chemical energy balance and COD, TN and TP mass balance of the conceptual treatment work in

different flow condition

Flow, Captured in Capturedin Remained in

m3/d Subject Primary Sludge SAS Final Effluent Loss
10,000 COD 30.3% 28.3% 8.3% 33.1%
50,000 COD 30.3% 29.9% 7.0% 32.8%
150,000 COD 30.3% 28.3% 8.3% 33.1%
250,000 COD 30.3% 28.4% 8.3% 33.1%
10,000 Chemical Energy 30.3% 28.3% 8.3% 33.1%
50,000 Chemical Energy 30.3% 29.9% 7.0% 32.8%
150,000 Chemical Energy 30.3% 28.3% 8.3% 33.1%
250,000 Chemical Energy 30.3% 28.4% 8.3% 33.1%
10,000 TN 14.3% 20.2% 46.3% 19.2%
50,000 TN 14.3% 21.5% 47.2% 17.1%
150,000 TN 14.3% 20.2% 46.3% 19.2%
250,000 TN 14.3% 20.3% 46.3% 19.2%
10,000 TP 16.8% 41.5% 41.7% 0.0%
50,000 TP 16.8% 43.7% 39.5% 0.0%
150,000 TP 16.8% 41.5% 41.8% 0.0%
250,000 TP 16.8% 41.6% 41.6% 0.0%

The data stated in Table F-2 shows that the mass balance and chemical energy balance are more
or less identical in different flow conditions. This suggest that, if the HRT, kinetic of the settling
process, stoichiometry and kinetic of biological reaction, and the quality of the influent
wastewater are the same, the mass balance and chemical energy balance will not be influenced

by the change of flow of the raw wastewater.
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