©2022 The Editor(s)

This is an Open Access book distributed under the terms of the Creative Commons
Attribution-Non Commercial-No Derivatives Licence (CC BY-NC-ND 4.0), which
permits copying and redistribution in the original format for non-commercial
purposes, provided the original work is properly cited.
(http://creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights
licensed or assigned from any third party in this book.

This title was made available Open Access through a
partnership with Knowledge Unlatched.

IWA Publishing would like to thank all of the libraries for
pledging to support the transition of this title to Open Access
through the 2020 KU Partner Package program.

Knowledge
Unlatched

PUBLISHING



PUBLISHING

RESOURCE
RECOVERY
FROM WATER

Principles and Application

Edited by llje Pikaar, Jeremy Guest, Ramon Ganigué,
Paul Jensen, Korneel Rabaey, Thomas Seviour, John Trimmer,
Olaf van der Kolk, Céline Vaneeckhaute and Willy Verstraete

A powerful teaching tool at graduate level and highly relevant
for seasoned water professionals and practicing engineers




Resource Recovery from Water:
Principles and Application







Resource Recovery from Water:
Principles and Application

Edited by

llje Pikaar, Jeremy Guest, Ramon Ganigué, Paul Jensen,
Korneel Rabaey, Thomas Seviour, John Trimmer,

Olaf van der Kolk, Céline Vaneeckhaute and

Willy Verstraete

—
UL
GHENT
L5 CAPTURE UNIVERSITY
W, ’ el UNIVERSITE
@ BB




Published by IWA Publishing
Unit 104-105, Export Building
1 Clove Crescent
London E14 2BA, UK
Telephone: +44 (0)20 7654 5500
Fax: +44 (0)20 7654 5555
Email: publications@iwap.co.uk
Web: www.iwapublishing.com

First published 2022
© 2022 IWA Publishing

Apart from any fair dealing for the purposes of research or private study, or criticism or review, as permitted under the
UK Copyright, Designs and Patents Act (1998), no part of this publication may be reproduced, stored or transmitted
in any form or by any means, without the prior permission in writing of the publisher, or, in the case of photographic
reproduction, in accordance with the terms of licenses issued by the Copyright Licensing Agency in the UK, or in
accordance with the terms of licenses issued by the appropriate reproduction rights organization outside the UK.
Enquiries concerning reproduction outside the terms stated here should be sent to IWA Publishing at the address
printed above.

The publisher makes no representation, express or implied, with regard to the accuracy of the information
contained in this book and cannot accept any legal responsibility or liability for errors or omissions that may be
made.

Disclaimer

The information provided and the opinions given in this publication are not necessarily those of IWA and should
not be acted upon without independent consideration and professional advice. IWA and the Editors and Authors
will not accept responsibility for any loss or damage suffered by any person acting or refraining from acting upon
any material contained in this publication.

British Library Cataloguing in Publication Data
A CIP catalogue record for this book is available from the British Library

ISBN: 9781789060317 (Paperback)
ISBN: 9781780409566 (eBook)
ISBN: 9781780409573 (ePUB)

This eBook was made Open Access in February 2022

© 2022 The Editors.

This is an Open Access eBook distributed under the terms of the Creative Commons Attribution Licence
(CC BY-NC-ND 4.0), which permits copying and redistribution for non-commercial purposes with no derivatives,
provided the original work is properly cited (https:// creativecommons.org/licenses/by-nc-nd/4.0/). This does not
affect the rights licensed or assigned from any third party in this book.


https:// creativecommons.org/licenses/by-nc-nd/4.0/
http://www.iwapublishing.com
mailto:publications@iwap.co.uk

Contents

Foreword. . .. ... . xvii
Chapter 1
Resource recovery from municipal wastewater: what and how much is there? . . . . ... ... .. 1

Pieter Ostermeyer, Gabriel Capson-Tojo, Tim Hiilsen, Gilda Carvalho, Adrian Oehmen,
Korneel Rabaey and Ilje Pikaar

1.1 Introduction . . ... ... 1
1.2 Learning ODJeCtiVES . . . ...ttt et e 2
1.3 How Do We Define Wastewater? ... ....... ... ..ttt 2
14 How Much Municipal Wastewater is Produced?. ... ........ ... ... .. . ... ... 2
1.5 How is Municipal Wastewater Collected? .. ......... .. ... 2
1.6 Untreated Municipal Wastewater - What Resources are in There and in What
Concentration Range?. . ... ... ... it 3
1.7 What Resources Can be Recovered During Treatment of Municipal Wastewater?........... 5
1.7.1 0 Water TRUSE. . . . ottt et e e e e e e e e e 6
1.7.2  InertS . .o 8
1.7.3  Organic matter. . ... ... ot 8
1.74  Energy from wasteWater . . .. ... ...t 9
1.7.5  NIETOZEN .« o .ottt e 10
176 PROSPROTUS. . ..ottt ettt e e 10
177 Heavymetals . ... ..o 10
1.7.8  Coagulants . ... ...t 11
1.8 Chapter SUMMATY . . . ..ottt ettt et e e e e e e e e e e e e ettt 12
119 EXOTCISES . o . ottt ettt e e e e e e 12
1.10 Discussion QUESLIONS . . .. ...ttt ettt e e 15
Further Reading Materials . . ... ... .. i e 17

R EIENCES. . . oot 17



vi Resource Recovery from Water: Principles and Application
Chapter 2
Resource recovery from industrial wastewater: what and how much is there? . . . . . ... ... 21

Eric Walling, Wim Moerman, Willy Verstraete, Denys K. Villa Gomez and
Céline Vaneeckhaute

2.1 IntrodUCtion . . . ...t 21
2.2 Learning ODbjJectiVes . ... ... ..ttt 22
2.3 The Major Industries that Produce Wastewater and their Characteristics................. 23
2.3.1 Food and beverage industries. . ............. i 28
2.3.2 Textile industries and leather production........... ... ... ... ... .. .. ... ..... 29
2.3.3  Wood-related industries . ........ ... 30
2.34  Metal and mining industries. .. ........ .. 32
2.3.5 Oil and gas production and refining . . ........ ... ... 33
2.3.6  Chemical iIndUStIY . ... ..ttt e e e 33
2.4  Current Practice in Industrial Wastewater Treatment . ............ ... ... ... ... ...... 34
2.5 Which Resources can be Recovered from Industrial Wastewater Treatment?.............. 36
251 NULHENES. . .o 38
2.5.2  Metals . ..o 39
2.5.3 Chemical compounds . ............ ..ttt 39
2.5.4  Stabilized organic biosolids . ........ ... ... 40
2.5.5  Water. . o 40
2.5.0  ENergY . . oot 41
2.5.7  SymbiotiC r€SOUICE FECOVELY. . . . vt vttt ettt et e e e et et e e e 41
2.6 Chapter SUIMMATY . . . ..ottt ettt e ettt e e e e et e et e e e e 42
2.7 EXETCISES . o . ottt et et 42
2.8 Discussion QUESLIONS . . ... ...ttt 44
R OrONCES. . o ot 45
Chapter 3
Resource recovery from drinking water production facilities: what and
how muchis there?. . . ...... ... .. . . . . 49

Ilje Pikaar, Katrin Doederer, Tessa van den Brand, Olaf van der Kolk
and Wolfgang Gernjak

31
3.2
3.3
3.4

3.5
3.6
3.7
3.8

Introduction . . . ... 49
Learning ODbjJectivVes . ... ...ttt 50
Major Sources for the Production of Drinking Water. ............... ... ... ... ......... 50
Current Practice in Water Treatment ... ........ ... i 51
3.4.1 Coagulation-flocculation-sedimentation............. ... ... . ... . ... ... 52
3.4.2 Lime-sodaashsoftening........... ... i 52
343  Jon eXChange. ... ...t 52
344 Membrane filtration. .. ... 52
Which Resources Can Be Recovered? ...... ... ... .. .. 53
Chapter SUMMATY . . .. .ottt e e e e e 56
BXOTCISES . o v ottt ettt e e e 57

Discussion QUESLIONS . ... ..ottt 58



Contents vii

Further Reading Materials . . ... ... .. e e 59
R OICNCES. . o ottt 59
Chapter 4
Water reuse: a pillar of the circular water economy. . . . ............................. 61
Valentina LAzarOva. . ... ... .t e 61
4.1 IntrodUCtiOn . . . ... o 61
4.2 Learning ODJECtiVES . .. ...ttt 62
4.3 Water Reuse as a Key Pillar of the Circular (Water) Economy .......................... 62
4.4  Water Reuse Planning. . .. ... 64
441  Key water reuse driVers. . .. ...ttt 65
4.4.2 Keywater reuse challenges. . .............. i 65
4.5 Water Reuse Applications. . . ... .. 67
4.6 Water Reuse Treatment and Design. ... ...t 71
4.6.1 Typical treatment trains for agricultural and landscape irrigation ................ 73
4.6.2 Typical treatment trains for urbanreuse. ............ ... ... ... .. 73
4.6.3 Typical treatment schemes for potablereuse ............... ... ... ... ......... 74
4.6.4 Typical process design. ... ...... ... 74
4.7  Key Characteristics and Milestones of Agricultural Water Reuse. ....................... 76
4.7.1  Water quality requirements . ........ ... .ttt 78
4.7.2  Health risk management. . .......... ... i 78
4.7.3  Major findings and lessons learned . .. .......... ... ... . ... ... 78
4.8 Key Characteristics and Milestones of Urban Water Reuse . ............................ 78
4.8.1 Landscape irrigation . ... ... ... ...ttt 79
4.8.2  Other urban USeS . .. ... ...ttt 79
4.8.3 Main steps and milestones in the development of urbanreuse ................... 79
4.84 Major findings and lessons learned . . . ...... ... .. . 81
4.9 Key Characteristics and Milestones of Industrial Water Reuse . ......................... 81
4.9.1 Water quality requirements . ......... ... 82
4.9.2 Management of adverse water quality impacts. . ............ ... ... ... ... .. ... 82
4.9.3  Milestones in industrial reuse ............. ... 82
494 Major findings and lessons learned . .. ....... ... ... ... i 83
4.10 Key Characteristics and Milestones of Potable Water Reuse . .. ......................... 84
4.10.1 Key points in development of potablereuse............. ... ... .. ... 84
4.10.2 Milestones in potable water reuse . .. ... 84
4.10.3 Major findings and lessons learned .. ........ .. .. ... i i 86
4.11 The Cost-RisK NeXUS . . . .o\ o ot e e e e e e e e 86
4.12 Innovation and Research Needs ... ... ... . i 87
4.13 Chapter SUMMATY . . . oottt et e e e e e e e e e e e e e e e e 88
414 EXEICISES . . . vttt ettt e ettt e e 88
4.14.1 Multiple choice test .. ... o 88
4.15 Discussion QUESHIONS . ... ...ttt e 94
4.15.1 Planning and evaluation of the feasibility of waterreuse........................ 94
4.15.2 Water reuse technologies .............. . i 94
4.15.3 Water reuse applications. . .. ...ttt 95
Further Reading Materials . ... ... ... .. e 95

R EIENCES. . . oot 95



viii Resource Recovery from Water: Principles and Application

Chapter 5
Established full-scale applications for energy recovery from water: anaerobic digestion
Paul D. Jensen, Sergi Astals, Xue Bai, Ludwika Nieradzik, Peter Wardrop,

Damien ]. Batstone and William P. Clarke

GLOSSATY . v vttt ettt e e 99
51 Introduction . ... ... ...
5.2  Learning ObJjectiVes . ... ... ... ot
5.3 Conceptual Overview of Energy Recovery through Anaerobic Digestion ................

5.3.1  Fundamental principles of anaerobic digestion ...............................
5.3.2  Characterizing feedstock and methane potential .............................
5.3.3 Overview of anaerobic digestion technologies. ...................... ... . ...
5.3.4 Design and operation of anaerobic digestion technologies. .....................

5.4 Case Studies and Implementation ... ....... .. .. . ... . ..

54.1 Case study 1: anaerobic digestion of agricultural wastewater ...................
5.4.2  Case study 2: high-rate anaerobic digestion in the food and beverage industry. . . ..
5.4.3 Case study 3: anaerobic digestion of municipal wastewater sludge...............

5.5 Challenges, Opportunities and Research Needs ............ ... .. ... ... ...
5.0 SUMMATY. . . .ottt e
5.7 B REICISES . vttt ettt
5.8  Discussion QUESLIONS . ... ...ttt
Further Reading Materials . . ... ... e e

References

Chapter 6

Upgrading anaerobic digestion within the energy economy — the methane platform . . . . .

Largus T. Angenent, Joseph G. Usack, Tianran Sun, Christian Fink, Bastian Molitor,
Rodrigo Labatut, Roy Posmanik, Manuel Horl and Doris Hafenbradl

6.1  Introduction . .. .. ... ... i
6.2  Learning ObJectiVes . ... ..ottt
6.3 What Drives Methane and Carbon Dioxide Yields in Anaerobic Digestion...............

6.3.1 Thermodynamic reason for high methane yields — extreme fermentation .........
6.3.2 Why carbon dioxide is produced besides methane - electron balance ............
6.3.3 How to improve methane yields with biology - thermophilic AD................

6.4 How to Improve Methane Yields or Produce Other Energy-Carriers with
Hydrothermal Systems . .. ... it e

6.4.1 What are hydrothermal systems?. . ......... .. ... ... ..
6.4.2 Thermal hydrolysis (TH) as a pre-treatmentto AD............................
6.4.3 Hydrothermal liquefaction (HTL) as a pre- or post-treatment for AD.............

6.5 Removing Carbon Dioxide from Biogas . ........ ... ...t

6.5.1 The basic principle of carbon dioxide separation. .............................
6.5.2  Physical and chemical absorption .......... .. ... ... .. . . . .
6.5.3  Physical absorption of carbon dioxide using water scrubbing ...................
6.5.4 Chemical absorption of carbon dioxide using amines. .........................
6.5.5  AdSOrPLiON . . ...
6.5.6  Biogas upgrading using pressure-swing adsorption. . ............ ... ... ... . ...

6.6 Ex-Situ Biomethanation . ............ .. ..

6.6.1

PtG concCept . ..ot

99



Contents
6.6.2  Hydrogen supply via electrolysis .. ......... ... i
6.6.3 Bioreactor technology........... . .o i
6.6.4 Why operate at 65°C rather than 37°C .. ...... ... ... ... ... .. ..
6.6.5 Thermophilic methanogen — Methanothermobacter thermautotrophicus . .. ......
6.7 Perspectives and Future Needs .. ....... ...
6.8  Chapter SUMMATY . . . ..ottt e e e e e e e e e e
6.9  EXOICISES. . o\ vttt ettt e e e e
6.10 Discussion QUESLIONS . .. ..ottt
Further Reading Materials . .. ... ... i e e e
RefereNCeS. . . .o
Chapter 7
Anaerobic fermentation technologies for the production of chemical
building blocks and bio-based products from wastewater. . . ........................

Pieter Candry, José Maria Carvajal-Arroyo, Steven Pratt, Jodo Sousa, Cagrt ARyol,
Francesco Fatone and Ramon Ganigué

7.1 Introduction . . ... ..o
7.2 Learning ODbJectiVes ... ... ...ttt
7.3  Microbiology and Biochemistry of Carboxylic Acid Production ........................
7.3.1  HYArolysis. .. ..o
7.3.2  Primary fermentations .. .......... ...
7.3.3  Secondary anaerobiC CONVETSIONS . . .. ... vu vttt ettt
7.3.4  The reason behind it all: energy maximization and redox balancing .............
74  Chemical and Biological Downstream/Upgrading Routes for the Recovery
of Carboxylic ACIAS . . .. ..ot
74.1  Solid-liquid separation before product recovery................ ... ... ......
7.4.2  Physicochemical product upgrading .. ......... ... .. .. . i
7.4.3  Biological product upgrading. ........... ... i
7.5  Conceptual Overview of the Production of Short-Chain Carboxylic Acids
(SCCA) from Wastewater . . .. ...ttt e
7.5.1  Technological principles .. ... ... ...
7.5.2  Fundamental principles. . ....... ...
7.5.3  APPLiCAtiONS . . ..ot
7.54 Case studies . ... ..ottt
7.6 Conceptual Overview of the Production of Medium-Chain Carboxylic Acids
(MCCA) from WasteWater .. ... ...ttt e
7.6.1  Technological principles .. ........ ...
7.6.2  Fundamental principles. . ...
7.6.3  APPLiCAtiONS . . ..ot
7.6.4  Case studies ... ..ottt
7.7  Challenges, Opportunities and Research Needs . ......... ... ... ... .. ...,
7.7.1  Bioprocess engineering. ... ... ... ....o.uiuneunituneie e
7.7.2  SCCA/MCCA product FECOVETY. . . o« vttt ettt e e et e e e
773 Fromlabtoreallife........ ... . . . .
7.8  Chapter SUMMATY . . . ..ottt et e et e e e e e
7.9 EXEICISES. o o\ ottt ettt e e e e e
7.10 Discussion QUESEIONS . . . ..o\ttt

R EIENCES. . . oot



X Resource Recovery from Water: Principles and Application

Chapter 8
Upscaled and validated technologies for the production of bio-based materials

fromawastewater . . . . ...... ... .. . ... 197

Cagri Akyol, E. Gozde Ozbayram, Anna Laura Eusebi, Alessia Foglia,

Giulia Cipolletta, Nicola Frison, Vincenzo Conca, Cinzia Da Ros,

Coos Wessels, Ramon Ganigué, Ilje Pikaar, Adrian Oehmen, Gilda Carvalho

and Francesco Fatone

8.1  Introduction . ... ... ... .. 197

8.2 Learning ODbJectiVes ... ... ...ttt 198

8.3 Conceptual Overview of Cellulose Recovery from Municipal Wastewater ............... 198
8.3.1 Fundamental principles. .. ...t 199
8.3.2 Applications and design .. ..........o . 199
8.3.3  Successful case studies of implementation.................. ... ... ... ... .... 201

8.4 Conceptual Overview of Polyhydroxyalkanoates (PHA) Production . ................... 204
8.4.1 Fundamental principles. . . ... ... 204
8.4.2 Applications and design . .......... . 206
8.4.3  Case StUIeS . ..o\ttt 208

8.5 Challenges, Opportunities, and Research Needs. . ........... ... ... ... .. 212
8.5.1  Cellulose . . ..o 212
8.5.2 PH A . 213

8.6  Chapter SUMMATY . . . .. ..ottt et e e e e e e e e e e e 213

8.7 B RO CISES . o vttt ettt e 214

8.8  Discussion QUESLIONS . .. ..o\ttt 217

Further Reading Materials . . ... ... e e 218

REfETENCES. . . oottt 218

Chapter 9

Producing microbial-based protein from reactive nitrogen recovered

fromaastewater. . . .. ........ ... . ... ... 223

Ilje Pikaar, Heidy Cruz, Tim Hiilsen, Damien Batstone, Korneel Rabaey,

Paul Jensen, Yoram Avnimelech and Willy Verstraete

0.1  Introduction .. ... ...ttt 223

9.2  Learning ObJectiVes . ... ..ottt 224

9.3 Conceptual Overview Production of Microbial Protein Using Recovered Nitrogen........ 224
9.3.1 Fundamental principles of the microbial conversion. .......................... 224
9.3.2 Application and design . . ... 229
9.3.3  Direct assimilation of recovered nitrogen into microbial biomass ............... 231
9.3.4 Case studies and implementation. ... ......... ... ... ... . i 232

9.4 Challenges, Opportunities and Research Needs . ......... ... ... ... .. .. ... .. ... 235
9.4.1 The microbial production step.......... ..ot 236
9.4.2 The harvesting of the microbial produced microbial cells ...................... 236
9.4.3 Economic and environmental competitiveness .. ............ ... ... ... ... ... 237

0.5 Chapter SUMMATY . . . ..ottt ettt et e e e e e e e e e e 237

0.6 EROICISES . vttt et ettt e e e e e e 238

9.7  Discussion QUESEIONS . .. ..ottt 240

Further Reading. .. .. ... e e e 241

RefEreNCES. . . oo 242



Contents

Chapter 10

Nutrient recovery from water and wastewater . . . .........................cc.c......
Robert Colston, Stephan Tait, Céline Vaneeckhaute, Heidy Cruz, Ilje Pikaar,

Thomas Seviour, Johannes B. M. Klok, Jan Weijma, Henk Dijkman,

Cees |. N. Buisman, Sasha Scattergood, Ana A. Robles-Aguilar, Erik Meers,

Fabrice Béline and Ana Soares

10.1 IntrodUuCtion . . .. ... ot e
10.2 Learning ODbjJectiVes . .. ... ...ttt e
10.3 Phosphorus Recovery - the Essential and Dwindling Nutrient. ........................
10.3.1 Conceptual overview — struvite precipitation................. ... ... ... .. ....
10.3.2 Struvite precipitation - applications and design .............. .. ... .. ... .. ...
10.3.3 Struvite precipitation - case studies of full scale implementation................
10.3.4 Struvite precipitation - challenges, opportunities and research needs............
10.4 Nitrogen Recovery by Ammonia Stripping and Absorption. ...........................
10.4.1 Conceptual overview — ammonia stripping and absorption.....................
10.4.2 Ammonia stripping and absorption - applications and design ..................
10.4.3 Liquid-filled diffused gas-sparged systems ............ .. ... .. .. . ...
10.4.4 Ammonia stripping and absorption - case studies of implementation ............
10.4.5 Ammonia stripping and absorption - challenges, opportunities,
and research needs ....... ... ... ... .
10.5 SUfUr RECOVETY . . oottt et e e e e e e e e e e
10.5.1 Conceptual OVEIVIEW. . . ..ottt e e
10.5.2 Fundamental principles. . . ...
10.5.3 Applications and design . ............ it
10.5.4 Case studies of implementation . ........ ... . ... . i
10.5.5 Challenges, opportunities and researchneeds................................
10.6 Chapter SUMMATY . . . ..ottt ettt et e e e e e e e e e e et ettt
10.7  EXETCISES . o . vttt ettt e e e e e e e
10.8 Discussion QUESLIONS . . .. .ottt e e
Acknowledgements . . ... ...
ReferenNCes. . . .o

Chapter 11

Established technologies for metal recovery from industrial wastewater streams. . . . . . . .
Jan Weijma, Johannes B.M. Klok, Henk Dijkman, Gijs Jansen, Irene Sanchez-Andrea,
Cees ]J.N. Buisman, Eric D. van Hullebusch, Tom Hennebel, Gijs du Laing,

Heidy Cruz, Ilje Pikaar and Denys K. Villa Gomez

11.1 Introduction .. .. ...
11.2 Learning ODbjJeCtiVES . . . ...ttt e e e
11.3 Conceptual Overview of Sulfide-Based Methods for Metal Recovery
from Wastewater . .. .. ...
11.4 Fundamental Principles of Metal Sulfide Precipitation ................ ... ... ... .....
11.4.1 Precipitation reactions and solubility products . ........... ... ... ... .. ... ..
11.4.2 Nucleation and crystallization............ ... .. .. . . i
11.4.3 The impact of pH on sulfide precipitation ................ ... ... ... ... .....
11.5 Application and Design of Sulfide-Based Metal Precipitation..........................
11.6 Biological H,S Production for Metal Recovery . ........... . ... ... .. i,

Xi



Xii Resource Recovery from Water: Principles and Application

11.6.1 Fundamental principles of microbial sulfate and sulfur reduction ............... 303

11.6.2 Applications and design of biological sulfate and/or sulfur reduction ............ 304

11.6.3 Case studies of implementation . ............ ... ... ... ... i 306
11.7 Challenges, Opportunities and Research Needs . ............. . ... . ... .. 312
11.8 Chapter SUMMATY . . . . . oottt et e et e e e e e e 312
11,9 B XOTCISES . o v vttt ettt et e e e e e 312
11.10 Discussion QUESTIONS . . .. ..ottt ittt e e 314
Further Reading Materials . . ... ... e 315
REfETENCES. . . oottt 315
Chapter 12
Closing the loop within the water sector: circular resources . . . ...................... 319

Ilje Pikaar, Sirajus Salehin, Nadine Boelee, Arjen van Nieuwenhuijzen and
Olaf van der Kolk

12.1 Introduction .. .. .. ... 319
12.2 Learning ObJeCtiVes . .. ..ottt e e e 320
12.3 Circular Resources: Historical Context, Concepts, and Principles...................... 321
12.3.1 Historical background - the creation of a consumption society with
linear use Of FESOUTCES. . . . ..o\ttt e e e e 321
12.3.2 Concepts and princCiples . . ...ttt 321
12.4 Circularity within the Water Sector ....... ... ... ... ... . . . . 324
12.4.1 Circular resources within the water sector: real-life case studies . ............... 326
12.5 Chapter SUMMATY . . . ..ottt ettt et e e e e e e e e e e e e e e 333
12,6 EXOICISES . o oottt ettt e e e e e e e e 334
12.7 Discussion QUESHIONS . ... ...ttt e e 334
R OrENCES. . o ot 337
Chapter 13
Resource recovery from used water: The (European) regulator’s point of view . . . . . . . ... 339
Ludwig Hermann and Ralf Hermann
13.1 IntroducCtion . . .. ... ot 339
13.2 Learning ODbjJectiVes . .. ... ...t e 340
13.3 European POLiCIeS . . ... ...ttt 340
13.3.1 Overview of relevant policies in the context of resource recovery
from wWastewater. . . ... ... 340
13.3.2 The 2030 Energy Strategy. . . ... ..ottt e e 341
13.3.3 The Clean Air Package ... ... ...t e 342
13.3.4 Gothenburg Protocol. . ... ... .. 342
13.3.5 The Bioeconomy Strategy. .. ... ... ..ottt 342
13.3.6 Circular Economy Package. . ...ttt 343
13.4 European Regulations. .. ....... ... . 343
13.4.1  OVEIVIEW. . .ottt e e e e 343
13.4.2 Fertilising Products Regulation . ........ ... . ... .. . i i 343
13.4.3 Animal By-product (ABP) Regulation........... ... ... ... ... ... ... ... ..... 346

13.4.4 Plant Protection Products (PPP) Regulation ............... ... ... ... ... ..... 346



Contents Xiii

13.4.5 REACH Regulation .. ... ... ... .. e 347
13.4.6 CLP Regulation ... .. ... ... e e 347
13.4.7 Waste Shipment Regulation . ........ ... ... ... ... .. ... . . i 348
13.5 European DireCtives . ... ......... .ottt 349
13.5.1  OVEIVIEW. . . ottt ettt e e e e e e e e e 349
13.5.2 Renewable Energy Directive (RED) ....... ... i 349
13.5.3 Liability of Defective Products Directive ........... ... ... .. ... i .. 351
13.5.4 Biofuels and Indirect Land Use Change Directive (ILUC) ..................... 351
13.5.5 Nitrates DIrective. . . ... ...ttt e 352
13.5.6 Water Framework Directive (WFD) .. ... .. ... .. . ... .. 352
13.5.7 Groundwater Directive. ... . ... ... 353
13.5.8 Drinking Water Directive. . . ....... ... 353
13.5.9 Bathing Water Directive. ... ... ... . i 354
13.5.10 Marine Strategy Framework Directive .. ......... .. .. .. .. ... 354
13.5.11 Urban Wastewater Directive ... ....... ...ttt 355
13.5.12 Sewage Sludge Directive. . ... ...ttt 355
13.5.13 Waste Framework Directive. ... ......... ... .. . .. . 356
13.5.14 Landfill Directive. .. .. ... ... 356
13.5.15 Hazardous Waste Directive . .......... ...t 357
13.5.16 Air Quality Directive. .. ...t 357
13.5.17 Industrial Emissions Directive (IED) ... ......... ... ... 358
13.5.18 National Emissions Ceilings (NEC) Directive.............. ... ... ... ... ..... 359
13.6 Outlook and Recommendations. . .. ........... .. it 359
13.7 Chapter SUMMATY . . . ..ottt ettt e et e e e e e e e e e e et ettt 360
13.8 Discussion QUESLIONS . . . ...ttt 361
REfOICNCES. . o ottt 362
Chapter 14
Economic analysis of resource reCovery. . . .. .............. ..., 365
Roy Brouwer
14.1 IntrodUucCtion .. .. .. ... it e 365
14.2 Learning ODJECtiVES . .. ...ttt 366
14.3 Financial and Economic Analysis. ... ......... . i 366
14.4 Cost-Benefit Analysis. . ... ...ttt 366
14.5 Making an Economic Case for Resource Recovery............ . ..., 368
14.6 Cost and Effectiveness of Resource Recovery Technologies. .. ......................... 369
14.7 Broader Societal Effects of Resource Recovery............ ... ... . ... 370
14.8 Economic Valuation of Resource Recovery Externalities. .. ............ ... ... ... ..... 372
14.9 Internalizing Externalities ... ... ... ... . i 376
14.10 DISCOUNLING . . . o\ vttt et ettt e e e e e e e 376
14.11 Economic Decision Criteria. ... ........o .ot 377
14.12 SUMMATLY. . . oo e e 378
14.13 Discussion QUESLIONS . . . .. ..ottt 379
Further Reading. . . .. ..ot e e e e e e 381

R IENICES . . . oo 381



Xiv Resource Recovery from Water: Principles and Application

Chapter 15
Resource recovery from wastewater and the consumer point of view: social,
cultural and economic aspects. . . .. ............. ... ... i 383
Pay Drechsel, Miriam Otoo and Munir A. Hanjra
15.1 IntroducCtion . . .. ...t 383
15.2 Learning ODbjJectiVes . .. ... ...ttt e 387
15.3 Factors Influencing Acceptance of Resources Recovery from Wastewater ............... 387
15.4 Acceptance of Treated Wastewater for Potable and Non-Potable Purposes. .............. 388
15.4.1 Knowledge, perceptions, and acceptability. ............. ... ... ... .. ... .. ... 388
15.4.2 Accepting safety interventions for untreated or diluted wastewater
use in agriculture. . ... ... .. 393
15.5 Acceptance of Recovered Nutrients from Wastewater from Sewered Systems ............ 397
15.5.1 Biosolids recovery and US€ . . .. ... oottt 397
15.5.2 Phosphorus recovery and USE. . . .. ..ottt ittt ettt 398
15.5.3 Wastewater-based aquaculture. . ......... .. .. .. i 400
15.5.4 Wastewater from non-sewered systems (onsite sanitation systems)
aS @ NUEFIENt SOUICE . . . . ottt e e e e e 402
15.6 Gender Aspects of Wastewater Use. ... ... ..ttt 404
15.7 Chapter SUMMATY . . . ..ottt ettt et e e e e e 405
15.8 EXOTCISES . o . vttt ettt et e e e e e 406
15.9 Discussion QUESLIONS . . . ..ottt ettt e e 407
AcRnowledgements . . ... ... i 407
RefereNCeS. . . .o 408
Chapter 16
The environmental impacts of reSOUrce recovery . . . ... ..............ccouuunenenn... 415
Tessa van den Brand and Aalke Lida de Jong
16.1 Environmental Impacts beyond Local Water Quality............... ... .. ... ... ...... 415
16.2 Learning ODjJeCtiVES . .. ...ttt e e 416
16.3 Conceptual OVEIVIEW . . ...ttt e et et e e e 416
16.3.1 Life cycle assesSment. . . .. ......o.i it 416
16.3.2 Typical LCA StePS . . o oottt e e e 416
16.3.3 Impactassessment. ... ... ... e 417
16.3.4 LCA standards (ISO standards). .. .........c.ouiiininn i 419
16.3.5 (Avoided) emiSSiONS. . .. ..o\ttt e 419
16.3.6 Interpretation. ... ... ... ...t 419
16.4 Case StUAIES . . . . oottt 420
16.4.1 LCA as quick scan analysis. . . .. ... .ottt 420
16.4.2 Anintensive LCA study: Calcite ......... .. .. i 422
16.5 Challenges Moving Forward . ....... ... ... 424
16.5.1 Environmental impactterms .......... ... ... i 425
16.5.2 Datainventory .. ... .. ...ttt e 425
16.5.3 Completeness and representativeness of database information.................. 425
16.5.4 The representative case study. .. ... ... ... 426
16.5.5 Evaluating future improvements to resource recovery processes . ............... 426
16.5.6 Market information. ... ... ... .. 426

16.5.7 Allocation and system eXpansion. .. .............ouuueineinnerneuneann... 426



Contents Xv

16.5.8 Process design and its influence on resource recovery (and vice versa) . .......... 427
16.5.9 Comparisons with previous studies. . ............. . ... 427
16.6 Chapter SUMMATY . . . ..ottt ettt et e e e e e e e e e e e e e e 427
16,7 BXOTCISES . . v vt ettt ettt e e e e e 428
16.8 Discussion QUESTIONS . . ... ..ttt e e e 428
Further Reading. .. ... ... . 429
R OrENCES. . o ottt 429
Chapter 17
Resource recovery 2050 and beyond: water in a climate-neutral and cyclic economy . . . . . 431
Willy Verstraete
RefereNCES. . .o 432
Outlook for the carbon-negative circular water economy . . . ........................ 433
Glen T. Daigger
ReferenCe. . ..o 436
Hastening the arrival of the resource recovering water future . .. .................... 437
David L. Sedlak
R OIENCES. . o .ttt 440
One water/one health: Used water management in 2050 and beyond . . . .............. 443
Julian Sandino
17.1 One Water, One Health. . . ... ... .. . e 444
17.2 Give Up the Crystal Ball. ... ... ... e 444

17.3 Dare to DISTUPL . . ..ottt 444






Foreword

The water sector provides vital services to society that are essential for human health, sustaining
economies, and protecting the environment. These roles will remain, but there are important changes
underway that are calling for a new, changed paradigm for the way water is viewed and managed.
With increasing global change pressures, cities of the future will experience difficulties in efficiently
managing scarcer and less reliable water resources. In order to meet these challenges, there is a need
for a fundamental change in the way we use and reuse water, based on a foundation of research,
technology and innovation.

Climate change demands mitigation efforts to reduce greenhouse gas emissions. We live in a
resource-constrained world in which the global population is expected to grow by another few
billion. Such factors drive us towards a shift from a traditional approach to wastewater treatment
to one aligned with a new paradigm in which the used water and materials and energy within it
represent opportunities for resource recovery. The same applies for drinking water treatment, where
the residuals from this treatment are often wasted. Minimising the movement of water, maximising
reuse and redefining ‘waste’ as a resource can optimise productive use (matching quality to intended
use) and reduce pollution. Sustainable (waste-) water management through resource recovery
and reuse can be achieved with integrated business models that go beyond standard services and
transform waste into valuable resources such as biofuels and fertiliser while also improving water
management.

To make progress in this paradigm shift, there is a need to clarify underlying principles and to
gather experiences of their application. This book contributes on both fronts, signalling opportunities
in the water sector, industry, agriculture and the energy sector, in particular. These are opportunities
that can be economically viable, with the prospect that further technological advances, growth in
‘green’ demand, and greater cost and scarcity of raw materials will add to that viability.

The water sector is poised to be able to help transform society. The relative predictability of potable
water and wastewater flows through its infrastructure add to the sector’s attractiveness as a partner
in this transformation. Similarly, the relative long life of this infrastructure can provide a stable core
around which implementation of resource recovery can be built.

However, because of this long life, change is needed now. Technology breakthroughs and innovative
designs need to be coupled with comprehensive system changes to urban water processes, institutions,
and regulations. We need to recognise the high-level relationships among water resources, energy,
and land use in an urbanising world. More is needed than simply improving the performance and
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efficiency of the component parts of systems - change is needed at a system-wide level as well. This
new book will help shape the actions that will be needed. It also points to the vibrant future we can
expect in the sector — a vibrancy that stands to attract and inspire the next generation of young water
professionals.

Dr. Kala Vairavamoorthy
Executive Director
International Water Association
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1.1 INTRODUCTION

The introduction of sewer networks for the safe collection and subsequent treatment of municipal
wastewater at down-stream wastewater treatment plants has had a major impact on public health
and the protection of the aquatic environment. It is often identified as one of the ten great public
health achievements of the 20th century [1]. To achieve this, management and engineering practice
has always had a strong focus on treating wastewater by removing pollutants. The most well-known
and most widespread approach to achieve effective pollutant removal is the conventional activated
sludge process, which recently celebrated its 100-year anniversary [2]. Despite successfully protecting
human and environmental health during the 20th century, traditional removal-focused approaches
for domestic wastewater treatment will not suffice in the 21st century, as broader environmental
and economic consequences of this mentality become increasingly well understood. The recovery
of resources embedded within the wastewater matrix, without compromising human health and
environment protection, represents an alternative fitting within a circular economy context.
Municipal wastewater contains a wide range of resources in addition to water, albeit at relatively low
concentrations. Nutrients (mainly nitrogen and phosphorus), dissolved organics, coagulants, cellulose
and potentially other valuables such as metals, proteins and polysaccharides, could be recovered. The
reuse of water has the potential to alleviate water scarcity, while recovered nutrients and organics
can be valorized as fertilizer, feed, energy or higher value products for various industrial sectors.
It is not the aim of this chapter to discuss these in detail, but to provide the reader with a general
overview of the different resources contained in municipal wastewater. The current and potential
recovery of these resources is also addressed. It should be noted that the composition of municipal
wastewater differs to some extent in terms of concentrations of constituents, local availability and

© 2022 The Editors. This is an Open Access book chapter distributed under the terms of the Creative Commons Attribution Licence
(CC BY-NC-ND 4.0), which permits copying and redistribution for noncommercial purposes with no derivatives, provided the original
work is properly cited (https://creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned
from any third party in this book. The chapter is from the book Resource Recovery from Water: Principles and Application, |lje Pikaar,
Jeremy Guest, Ramon Ganigué, Paul Jensen, Korneel Rabaey, Thomas Seviour, John Trimmer, Olaf van der Kolk, Céline Vaneeckhaute,
Willy Verstraete (Eds.)
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value of contained resources. The factors/characteristics causing this variability are briefly discussed
in this chapter as well. As a final major remark, when considering resource recovery from municipal
wastewater, the presence of pathogens, toxic compounds, waterborne viruses and other impurities
cannot be ignored. The challenges arisen by the presence of these pollutants are, however, beyond the
scope of this chapter.

1.2 LEARNING OBJECTIVES
At the completion of this chapter you should be able to:

+ Describe the magnitude of municipal wastewater generation and treatment and understand its
potential for resource recovery.

- Summarize the different factors affecting the composition and volume of municipal wastewater
and its impact on resource recovery potential.

- Describe the key resources that can be recovered during the treatment of municipal wastewater
that are present in or added during the treatment of municipal wastewater.

+ Understand how centralized and decentralized municipal wastewater treatment systems impact
the potential for resource recovery.

- Understand that resource recovery at municipal wastewater treatment plants is not a ‘one size
fits all’ concept.

1.3 HOW DO WE DEFINE WASTEWATER?

Sewage, domestic or municipal wastewater all relate to wastewater originating from domestic use,
and can be defined as ‘the water supply of the community after it has been used in a variety of
applications and which now contains constituents that render it unsuitable for most uses without
treatment’ [3]. It mainly consists of a mixture of human excrements and wastewater originating from
municipal toilet use, cleaning, washing and cooking. For simplicity, this mixture will be referred
to as ‘municipal wastewater’ in this chapter. Other wastewaters, such as industrial wastewater, are
discussed elsewhere in this book. Despite the fact that the composition can vary to some extent (see
section 1.6), a key feature of municipal wastewater is that, except for the water itself, resources are
present at low concentrations, which often complicates their efficient recovery.

1.4 HOW MUCH MUNICIPAL WASTEWATER IS PRODUCED?

It is estimated that 312 million megaliter (ML) of municipal wastewater is produced annually, of which
187 million ML is treated, equaling to about 60% of the total [4]. This is most likely an underestimation,
as accurate data from highly populated and fast-growing developing countries is not available. It is not
the aim of this chapter to provide detailed data on the amounts and differences in the daily production
of municipal wastewater in different countries, but the following example is shown to illustrate that
the amount of municipal wastewater produced per capita can differ substantially between countries.
The average volume of wastewater produced per capita (arriving at the wastewater treatment plants
(WWTPs)) in the USA is almost 690 L/day [5, 6], while in Belgium (Flemish region) this value is only
about 378 L/day (data: Aquafin Inc., Aartselaar, Belgium). Interestingly, this relates to some 110 L/
day of residential water consumption per capita in Belgium, hence the remaining 268 L originates
from other sources such as run off, commercial and governmental buildings and industrial wastewater
streams discharged into the sewer network (data: Aquafin Inc).

1.5 HOW IS MUNICIPAL WASTEWATER COLLECTED?

In developed countries and urbanized regions, wastewater treatment is generally centralized: municipal
wastewater is transported via a complex network of underground sewers to a central WWTP for its
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Figure 1.1 (a) Centralized wastewater treatment plant: The Stickney Water reclamation Plant, adapted from
Metropolitan Water Reclamation District of Greater Chicago, 2018 [7]. (b) Decentralized wastewater treatment plant
by constructed wetlands [8].

treatment prior to discharge into the receiving environment. In combined sewer systems, run-off
and rainwater are collected together with domestic (and industrial) wastewater. In sanitary sewers,
municipal wastewater is collected separately. Sanitary sewers are becoming increasingly dominant,
as legislation is fading out the use of combined sewers. However, many cities still continue to use
combined sewer systems. It is important to realize that in major urbanized areas, most of the municipal
wastewater produced is treated in a few large WWTPs, with capacities often ranging between
100 000-1 000 000 population equivalents (PE), and even up to multiple million PEs. For example,
the Stickney wastewater treatment plant in Chicago (USA, Figure 1.1(a)) has a maximum capacity of
2300 000 PE, treating about 5451 ML/day under storm weather flow conditions [7]. One can imagine
that the scale of the WWTP has a substantial impact on the economy of scale of resource recovery
activities and the potential to recover resources at a practical relevant scale. In remote, less densely
populated areas and developing countries, access to centralized sanitation infrastructure is often
lacking, and smaller, decentralized, treatment concepts such as constructed wetlands (Figure 1.1(b))
are more common due to the lower investment costs when compared to centralized infrastructure.
Smaller size WWTPs and decentralized systems have varying capacities, and can be used to treat
wastewater from a single house or from several thousand PEs. Smaller scales often create additional
burdens on the economics of resource recovery, given the inefficiencies and challenges of managing
decentralized systems, and the low mass flows of resources that can be potentially recovered.

1.6 UNTREATED MUNICIPAL WASTEWATER - WHAT RESOURCES ARE IN THERE AND IN
WHAT CONCENTRATION RANGE?

Water is the dominant component of wastewater with typically more than 99% of municipal wastewater
comprised of water itself. Besides water, household municipal wastewater is primarily a mixture of
feces, organic kitchen wastes, urine and water originating from cleaning, washing and cooking. At
a household level, municipal wastewater can be identified as three separate streams, namely, black,
grey and yellow water, which are typically collected together. Black water refers to a mixture of feces,
urine, and flush water, and is characterized by high concentrations of organic matter, nitrogen and
phosphorus. Grey water, which comprises water from cooking, washing and cleaning, is more dilute
and represents most of the wastewater flow. Urine is occasionally collected separately as yellow water.
Table 1.1 provides a summary of the typical relative contributions of waste streams generated at the
household level to the total wastewater mass flow. The typical concentrations of various components
found in each stream are also presented.

The varying flow rates and composition of the individual waste streams determine the
characteristics of the raw wastewater as it enters the sewer system. The amount and characteristics
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Table 1.1 Typical relative contributions of some of the major components embedded in
domestic wastewater, expressed as percentage of total mass flow. Average concentrations
of main components are also presented [9].

Parameter Grey water Urine Feces
Typical daily flow (L/capita/day) 108 1.22 0.22
Contribution to overall Flow rate (%) 99 0.9 0.1
Contribution to overall COD (%) 50 11 31
Contribution to overall nitrogen (%) 8 79 13
Contribution to overall phosphorus (%) 28 47 25
Contribution to overall potassium (%) 7 71 22
Water content (%) 99 95 77
CODP (mg/L) 620 10236 155 000
BOD;¢ (mg/L) 279 4567 60 000
Total nitrogen (mg/L) 23 8661 7500
Total phosphorus (mg/L) 8.5 732 3000
Potassium (mg/L) 10 2047 4500

aMass flow, expressed in g/capita/day.

bCOD refers to chemical oxygen demand and represents the total amount of oxidizable matter present in
the wastewater.

°BOD; refers to biological oxygen demand and comprises the biodegradable fraction of the oxidizable
matter (tested in 5 days at 20°C).

of the grey water produced can substantially differ between countries, depending highly on local
habits, and can be substantially higher than earlier mentioned numbers. A first factor affecting the
volume and composition of wastewater is the volume of drinking water consumed. High per capita
consumption of drinking water generally results in higher flow rates and more dilute wastewaters,
except where other organics are introduced into the water (e.g., via kitchen grinders or in catchments
where industrial trade waste enters the sewerage system). Additionally, the carbon and nutrient
contents are influenced by local diets and caloric intake. Specifically, nearly all (99-100%) the
nitrogen and phosphorus that is ingested is excreted in urine and feces, whereas a smaller fraction
of caloric intake (2-10%) is ultimately excreted [10]. In general, in higher income countries the
water consumption and nutrient excretion rates per capita are higher than in developing countries
and communities. Even among the more developed countries, the differences can be substantial.
Because of these differences, the concentrations of nitrogen in urine can differ significantly, with
reported values ranging between 2.6 to 16 g total N/L, respectively [9]. It is important to note
that in fresh urine most of the nitrogen is fixed as urea. Urea subsequently gets hydrolyzed into
ammonium (NH,*) by enzymes produced by bacteria present in biofilms on the walls in the storage
and collection systems. Therefore, the nitrogen load of municipal wastewater arriving at WWTPs
typically comprises around 75-90% ammonium. Factors such as cleaning/washing habits, level of
urbanization, and drinking water price also affect the wastewater composition and volume. As an
example, in countries such as Japan or in regions like the Middle East, the use of toilet paper is either
prohibited or not customarily used. As a consequence, the amount of organic matter in wastewater
in these countries is substantially lower [11]. In addition to the above-described human aspects,
climate and meteorological phenomena also affect the composition of the collected wastewater. In
combined sewer systems (collecting run-off from precipitation) or when intrusion of sub-surface
waters into sewer systems plays a significant role, wastewater volumes increase and concentrations
decrease during precipitation events or wet weather seasons [12]. Rainfall patterns can thus have a
substantial impact on the wastewater composition. However, it should be noted that in moderate
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Table 1.2 Typical composition of raw municipal wastewater in terms of major compounds, adapted from Metcalf
and Eddy [3].

Parameter Low strength Medium strength High strength
COD total (mg/L) 500 750 1200
COD soluble (mg/L) 200 300 480
BOD; (mg/L) 230 350 560
Volatile fatty acid (VFA) (mg-acetate/L) 10 30 80
Total nitrogen (mg/L) 30 60 100
Total Kjeldahl nitrogen (Ammonia-N + organic-N) (mg/L) 30 60 100
Ammonia-N (mg/L) 20 45 75
Total phosphate (mg/L) 6 15 25
Total suspended solids (TSS) (mg/L) 250 400 600
Volatile suspended solids (VSS) (mg/L) 200 320 480

climates such as Europe and the USA, dry weather flow conditions typically prevail about 95% of
the time. The effect of precipitation also interacts with the effect of urbanization due to, for example,
impermeability of the soil in dense urban areas.

While the composition of municipal wastewater thus fluctuates between different locations in the
world, municipal wastewater is a waste stream in which resources that potentially can be recovered
are generally present in low concentrations, except the water itself (which is a recoverable resource
i.e. often at a high concentration). Table 1.2 shows the typical composition and concentration range of
the major components present in untreated municipal wastewater.

1.7 WHAT RESOURCES CAN BE RECOVERED DURING TREATMENT OF MUNICIPAL
WASTEWATER?

As discussed in section 1.5, municipal wastewater is typically treated in a centralized manner.
The majority of municipal wastewater is currently treated by the activated sludge systems such as
nitrification/denitrification with chemical P removal and enhanced biological phosphorus removal
(EBPR) [13-15]. It is important to highlight that configurations of these treatment systems may vary
considerably. A simplified representation of a typical flow sheet of a centralized WWTP for biological
nutrient removal by means of nitrification/denitrification coupled with chemical P removal is depicted
in Figure 1.2. In the figure, the major fractions and mass flows of notable resources embedded in
the wastewater matrix within the different compartments of the WWTP assuming typical influent
concentrations for mid-strength sewage (see Table 1.2) are shown. The figure shows that a major
fraction of the incoming reactive nitrogen is dissipated and emitted to the atmosphere as N, (g), with
only about 30% being assimilated in sludge. Organics and other suspended solids are removed in a
primary settler, resulting in primary sludge. In the activated sludge process part of the organic matter
is oxidized to CO,. The surplus biomass produced during the activated sludge process is removed in
a secondary settler as secondary sludge. Biogas produced via anaerobic digestion can be used for the
production of electricity and heat in a combined heat and power unit. The digestate leaving the reactor
is dewatered through processes such as centrifugation and belt press where biosolids and reject water
are produced. The reject water contains high(er) concentrations of NH,-N and PO,-P which opens up
opportunities for their recovery.

There are more resources that can be recovered than those depicted in Figure 1.2. In this context,
a summary of potential resources that can be recovered from municipal wastewater, including the
product characteristics of resources recovered and examples of their potential end-use in various
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Figure 1.2 Example of a typical flowsheet of a centralized wastewater treatment plant for biological nutrient
removal and the mass flows of COD, N and P. Note that the provided values should be considered as indicative only.

market segments, is provided in Table 1.3. An important emphasis to make is that the recoverable
amounts depend on multiple aspects such as wastewater composition, the specific design and treatment
capacity of the WWTP, the type, efficiency of the equipment used and mode of operation and so on.
Equally important, some of the products listed in the table would require specific treatment steps that
in fact would exclude the recovery of other components. For example, the recovery of cellulose through
a micro-sieve step reduces the biogas production potential during anaerobic digestion (i.e., cellulose
comprises a substantial fraction of the incoming COD load of a WWTP). Various other examples can
be mentioned within this context with the key message being that the type and amount of resources
that can be recovered depend on the treatment approach installed and priorities set forward by the
wastewater utility regarding the preferred resources to be recovered. In the sub-sections below, we
will discuss some of the key resources that can be recovered from municipal wastewater during its
treatment in more detail.

1.7.1 Water reuse

First and foremost, one should appreciate the fact that over 99% of municipal wastewater comprises
the water itself. This can be reused for various applications, depending on the local requirements
and the quality of the produced recycled water. Water reuse practices can be classified into two main
categories: non-potable and potable water reuse. The most common applications of non-potable
recycled water include: agricultural irrigation, landscape irrigation, industrial reuse and groundwater
recharge. Among them, agricultural and landscape irrigation are widely practiced worldwide, and
have well-established health protection guidelines and agronomic practices [18, 19]. About 66% of
the global population currently lives in water-stressed regions and 500 million people live in areas
where water consumption exceeds local renewable water sources by a factor of two. Wastewater is
increasingly being considered as an important water source for the production of drinking water [20].
This can be done indirectly through the recharge of water bodies used for drinking water production
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Table 1.3 Overview of the potential resources that can be recovered from municipal wastewater and examples of
their potential end-use in various market segments.

Resource Resource Recovery potential Examples of potential end-
category use/market segment
Water Water 100-400 L/capita/day (daily water Irrigation, non-potable
consumption substantially fluctuates domestic use, industrial
depending on country/region) use, potable domestic
use. Injection to mitigate
saltwater intrusion and so
on.
Inerts Sand In the order of 0.1-3 kg/capita/year [16] Construction industry
Organics Cellulose In the order of several kg/capita/year [11] Biochemical industry,
construction material
Biosolids It is nearly impossible to provide accurate Agriculture
Alginate like numbers on the recovery potential of Pharmaceutical and food
substances these compounds as the latter depends on industry
Biochar a multitude of factors. ‘Ball-park’ figures Agriculture
. . that can be used are in the order of g .
Volatile fatty acids several kilograms per capita per year for Biochemical industry
PHA each of these resources Bioplastics/Agriculture
Energy Biogas, as electricity?  In the order of 250 MJ/capita/year Reuse onsite, local power
(theoretical) grid
In the order of 33 MJ/ capita/year
(practical)
Thermal energy (heat)* In the order of 760 M]/capita/year District heating/cooling
(theoretical)
In the order of 291 MJ/capita/year
(practical)
Nitrogen Ammonia (NH;) 1.6-7.4 kg N/capita/year [10] Power generation (Denox)
Ammonium sulfate Agriculture
Microbial protein Agrifood, aquaculture
Biosolids Agriculture, landscaping
Struvite Agriculture
Phosphorus Biosolids 0.4-1 kg P/capita/year [10] Agriculture
Struvite: Agriculture
Calcium phosphate Agriculture
Metals Large variety of metals In the order of several grams/capita/year ~ Metallurgy
in biosolids/ash (for the sum of all metals)
Coagulants Predominantly Fe and In the order of 1 kg/capita/year Soil amendment,

Al based

construction, sulfide
removal and odor control

aAssuming a water consumption per capita of 125 liter per day and data from [17].

(indirect potable reuse; e.g., aquifer recharge) or through the direct use of wastewater for the production
of drinking water (direct potable reuse). Nevertheless, on a global scale, only a very small fraction of
the municipal wastewater treated is currently being used for the production of drinking water. We
would like to refer the reader to Chapter 4 of this book for a more detailed description on water reuse/
reclamation and the most commonly used treatment methods.
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1.7.2 Inerts

Depending on the size of the WWTP, sand is removed from wastewater in a dedicated treatment step
to protect pumps and pipes from erosion and abrasion and reduce the amount of sludge processed in
primary and secondary treatment. For example, in the Netherlands 88% of WWTPs remove sand as
a separate treatment step [16]. Typical loads to a WWTP ranged between 0.1 and 3 kg capita! year,
albeit this can be substantially higher, especially during rain events in combined sewer systems. To
give an illustration of the amount of sand that can enter a WWTP, it was found that with a capacity of
250 000 PE, some 840 tons of sand per year can be recovered [16]. About two-thirds of the recovered
sand was reused in the construction industry, the remainder was landfilled. It is important to realize
that it is a necessity to remove the sand from an operator’s perspective in order to protect equipment
and as such sand recovery can be seen as a low ‘hanging fruit’ in terms of its resource recovery potential.

1.7.3 Organic matter

Considering that the organics content (measured as COD) in municipal wastewater ranges between
500 and 1200 mg COD/L (see Table 1.1), and it is estimated that some 312 million megaliter (ML)
of municipal wastewater is produced annually [4], the global theoretical mass flow of recoverable
organics equals to a staggering 156-374 Mton COD/year. This organic matter comprises a mixture
of organic compounds, including cellulose, extracellular polymeric substances (EPS), volatile fatty
acids (VFAs), proteins, lipids and (complex) carbohydrates. Starting with cellulose, this compound
originates primarily from toilet paper. In the Netherlands, for example, it is estimated that toilet paper
accounts for about 125-360 mg COD/L, representing 25-30% of the total COD load in WWTPs. It
was estimated that with a simple sieving step, 8-10 kg cellulose per capita per year could be recovered,
amounting to a recovery potential of 4.1-6.1 Mton of cellulose in the EU-27 alone [11].

Nowadays, as also mentioned above, most of the organics in municipal wastewater (e.g., VFAs,
proteins, lipids or carbohydrates) are removed via activated sludge-based processes such as conventional
activated sludge, nitrogen/denitrification and enhanced biological phosphorus removal (EBPR)
processes. Generally, these processes separate and transform the organic matter in the wastewater,
generating two organic-concentrated streams, namely primary sludge and secondary sludge. These
streams contain most of the organic matter originally present in the wastewater, thus facilitating
its recovery. Primary sludge generally consists of easily biodegradable particulate organics, such as
carbohydrates and lipids. Secondary sludge primarily comprises less to poorly degradable materials,
especially at longer sludge ages. Table 1.4 provides an overview of typical compositions of primary and
secondary sludge. Note that the values listed should be seen as a guideline only as the composition can
deviate depending on factors such as the local sewer catchment, industry trade waste discharge into
the sewer network, type of coagulant used and presence of a sand trap.

Primary and secondary sludges are processed via dewatering/stabilization, generating a
concentrated product referred to as biosolids. Biosolids can be valorized in several ways. Anaerobic
digestion is a common sludge stabilization method, with the benefit of concomitant biogas generation
(as discussed in detail in Chapter 5). Current biosolids disposal methods vary, being land application
in agriculture, landfilling or incineration the most commonly applied. Incineration is a more common
practice in Europe, USA and Asia. Land application as fertilizer or soil amendment is often regarded as
the preferred strategy for beneficial reuse of organics (as well as phosphorus and nitrogen). Despite the
benefits, the intrinsic properties of the sludge also come with some environmental and human health
risks due to the presence of persistent organic compounds, pathogens and emerging contaminants
(e.g., Per- and polyfluoroalkyl substances (PFAS). Biosolids can also be used in the cement industry,
where both the calorific value of the dried sludge and the ash resulting from its incineration can
be used [21]). As an example, incinerated sludge rich in iron is often used in the cement industry to
produce bricks with red color.

More recently, research and development is focusing on alternative resource recovery routes by
transforming WWTPs into the so-called biorefineries, to produce higher-value organic compounds
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Table 1.4 Typical composition of primary and secondary sludge, adapted from [3].

Parameter Primary sludge Secondary sludge
Total solids (TS) (%) 5-9 0.8-1.2
Volatile solids (VS) (as % of TS) 60-80 59-68
Nitrogen (%TS) 1.5-4 2.4-5.0
Phosphorus (%TS) 0.8-2.8 0.5-0.7
Potash (K,O %TS) 0-1 0.5-0.7
Cellulose (%TS) 8-15 7-9.7
Iron (g Fe/kg) 2-4 -
Silica (SiO,%) 15-20 -

pH 5.0-8.0 6.5-8.0
Grease and fats (%TS) 7-35 5-12
Protein (%TS) 20-30 32-41
Alkalinity (mg/L as CaCOj;) 500-1500 580-1100
Organic acids (mg/L as acetate) 200-2000 1100-1700
Energy content (M]/kg TS) 23-29 19-23

such as carboxylates, including short and medium chain fatty acids, proteins, polyhydroxyalkanoates
(PHA), extracellular polymeric substances (EPS) and alginate like compounds [22-24]. Despite
the increasing interest, most of these emerging concepts are still at low(er) technological readiness
levels (TRL levels) and have not been applied at full-scale. One very interesting approach that has
shown strong practical and economic potential that has been recently implemented at full-scale is the
recovery of the alginate like compound Kaumera Nereda® Gum [25]. This polysaccharide bio-based
material is extracted from the aerobic sludge granules that are formed during the Nereda® wastewater
treatment process [26].

1.7.4 Energy from wastewater
Energy in wastewater is present as chemical energy and thermal energy. Chemical energy is present
in the form of organic matter, represented as COD. The theoretical energy content of a stream can
be calculated assuming an ideal conversion of COD into methane (CH,) via anaerobic digestion,
followed by its transformation into electrical and/or thermal energy, generally via cogeneration
(combined heat and power; CHP). Under these assumptions, the typical chemical energy content of
one cubic meter of municipal wastewater has been estimated at 5.5-7.0 MJ/m3. The latter implies that,
assuming 312 million ML is being produced globally, around 2 184 000 T]/year can theoretically be
recovered [17, 27]. Nevertheless, it must be considered that, in practice, the presence of non-degradable
COD, heat losses and non-ideal conversions reduce the chemical energy recovery to around 10-14%
of the theoretical chemical energy (0.6-1.0 MJ/m?3) [17]. Practically, anaerobic technologies are able
to recover 110-3300 kJ/m3 from wastewater as biogas. This implies a global potential production of
34 000-1 030 000 TJ/year of biogas from municipal wastewater, of which 52% is usually recovered as
heat and 30-40% as electricity via CHP. As an example of current chemical energy recovery practices,
in the EU-27, 62 383 TJ,;;,zs/year is produced through anaerobic digestion of wastewater sludge [28].
The energy recovered is generally used to cover the energy demands of the WWTP (around 20-45 kWh
per PE in state-of-the-art plants), covering usually around half of the total energy requirements [29].
Regarding thermal energy, this corresponds to the heat energy contained in the wastewater,
largely coming from bathing, laundry cleaning, cooking and the difference between the ambient and
the drinking water temperature [17]. Different commercial applications for thermal energy recovery
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from wastewater exist, mainly based on recovery from raw wastewater. However, challenges to this
approach arise due to biofouling, scaling and corrosion issues (increasing maintenance costs and
reducing heat transfer capacities). Therefore, treated wastewater (with temperatures around 10-16
and 20-25°C in temperate climates during winter and summer, respectively) is nowadays considered
as the best place for heat recovery [17]. Applying water source heat pumps, the net energy recovery
from treated wastewater has been estimated to be around 4-8 MJ/m?, depending on the environmental
conditions and the utilization of the stream (e.g., heating or cooling) [17, 30]. Compared to chemical
energy, these values are 4-8 times larger, underlining the potential of thermal energy recovery from
wastewater. To put this into perspective, a common size WWTP (i.e., 500 000 PEs and treating
125 000 m3/d), recovering both chemical and thermal energy from wastewater, could produce
enough energy to cover its demands and to supply the requirements of 8800 households (at optimal
conditions of 9 MJ/m3 recovered and energy consumption of 1.3 MJ/m?3 and assuming a consumption
of 29 kWh/d per household (U.S. Energy Information Administration in 2017) [17, 31]). However,
when the recovered energy is to be used to displace natural gas or fuel currently used for heating,
challenges like the mismatch between supply and demand cannot be ignored and would need to be
addressed [24].

1.7.5 Nitrogen

Municipal wastewater typically contains about 30-60 mg N/L. Globally, this equals to about 20 Mton
of nitrogen that ends up at WWTPs [32]. Considering that yearly 119 Mton of reactive nitrogen used
as fertilizer is produced via the Haber Bosch process, this means that complete recovery of nitrogen
from wastewater would equal to about 17% of all nitrogen applied in agriculture [32]. Globally, an
estimated 0-15% of nitrogen from human sanitation is reused on cropland [10]. Several nitrogen
recovery approaches are available and are implemented at full scale, such as struvite precipitation
and ammonia stripping. However, it is important to emphasize that these approaches are restricted to
side-stream and/or decentralized processes such as digestate (which only comprises about 10-25% of
the total nitrogen load to a WWTP) and urine which have much higher nitrogen levels. Recovery also
occurs through reuse of biosolids in agriculture, as described above in section 1.7.3. Recently, there has
been an increasing interest to further upgrade the recovered nitrogen through ammonia stripping into
high value microbial proteins (see Chapter 12).

1.7.6 Phosphorus

Yearly, in the range of 15 Mton of mineral phosphorus is mined from apatite rock and converted into
fertilizer (note that also about 8 Mton of P is recycled onto agricultural land by means of manure) [33].
About 3 Mton P is ultimately consumed by humans and ends up in urine and excrements, and thus
municipal wastewater. Consequentially, if all P present in municipal wastewater could be recovered,
the reliance on phosphate rock can be substantially reduced by about 20%. In this context, there are
three main routes currently implemented at full-scale for recovery/reuse of P at centralized WWTPs,
namely: (i) P reuse in the form of biosolids, (ii) struvite precipitation and (iii) P recovery from sludge
incineration ash. In conventional centralized WWTPs, P removal is achieved by means of biological
P removal, chemical precipitation using iron or alum-based coagulants, or a combination thereof.
Biological P removal increases the fraction of P in the secondary sludge, which leads to increased
phosphate concentration in the reject water of an anaerobic digester, hence increasing the recovery
potentials. Chemical P removal results in poorly degradable metal bound precipitates that end up in
the biosolids. Phosphorus from incinerated biosolids can be recovered from the ash through chemical
leaching processes used in the metallurgic industry [34].

1.7.7 Heavy metals
Heavy metals in municipal wastewater originate from a variety of anthropogenic and natural
sources, which are predominantly diffuse of nature. The latter makes it virtually impossible to
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develop source control strategies to avoid/minimize metals ending up in municipal wastewater. A
wide variety of metals are present in municipal wastewater, including Cd, Cr, Cu, Ni, Pb, and Zn
[35]. These metals ultimately end up in sludge and, despite the fact that they are typically present in
relatively low concentrations (i.e., mg/kg range), their presence can significantly affect the potential
of (repeated) land application of sludge, as stringent regulations are in place to avoid long-term
environmental problems caused by the stability and persistence of metals in nature. For example, the
U.S. Environmental Protection Agency (USEPA) has specified a ‘ceiling concentration’ and a limited
cumulative pollutant loading rate for sewage sludge application on agricultural land, whereas in the
EU, The Commission of the European Communities (CEC) Directive has set both a limit to the heavy
metal concentrations in sludge and a total amount of heavy metals that can be added annually to
agricultural land [36].

In addition to heavy metals, it has been recently found that sludge contains a wide variety of
metals, including rare-earth elements and minor metals (e.g., Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu) and even platinum and gold [37], as depicted in Figure 1.3. According to the
authors, the high value of some of these metals in combination with the high volume of municipal
sludge could make their recovery an interesting option, with a total estimated ‘metal’ value of $460/
ton sludge (as dry solids). In the case of sludge incineration, these metals would be concentrated
in the ash. By including the ash into the feedstock of metallurgical refiners, these metals could be
recovered via already employed pyro- and hydrometallurgical processes. It should be noted that due
to the complex mixture of a wide variety of metals in combination with their very low concentrations
(Figure 1.3), their recovery remains highly challenging from a technical and economic perspective.
Note that the concentrations presented in Figure 3 can differ depending on the geographical location
and catchment characteristics.

1.7.8 Coagulants

Aluminum and iron-based coagulants are commonly used in wastewater systems for phosphorus and/
or sulfide removal. To illustrate the reliance of urban water management on chemical dosage, according
to a recent market analysis, the global chemical market for the water industry was estimated to be 6
billion USD, with a further estimate increase to about 8.5 billion USD by the year 2023 [38]. Iron salts
(mostly ferrous and/or ferric chloride) are often dosed to sewer networks to combat hydrogen sulfide
induced corrosion of concrete sewer pipes, a notorious and costly problem for wastewater utilities
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Figure 1.3 Example of the wide variety of metals (and other elements) that can be present in sludge. The figure
shows data of sludge from a WWTP in arizona, as described in detail elsewhere [36].
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worldwide [39]. Most WWTP still rely heavily on the addition of either iron (Fe) or aluminum (Al)
based salts (mainly FeCl, or FeCl; and Al,(SO,)5) for chemical phosphate removal. Lastly, iron salts
are often dosed to anaerobic digesters for sulfide control. It is expected that these chemicals will keep
playing an important role in the coming decades. This makes their recovery interesting. Typical dosing
concentrations are in the order of 5-50 mg/L Fe or Al based coagulants, respectively. Depending on
the dosing rate and WWTP configuration, Fe and Al contents in the sludge are typically in the order
of ~0-50 g/kg dry solids.

1.8 CHAPTER SUMMARY

Municipal wastewater can be defined as a waste stream consisting of a mixture of human excrements
from toilet use and water originating from household activities such as cleaning, washing and cooking.
In this chapter, the typical production rates and composition of the various streams (i.e., yellow,
grey and black water) comprising municipal wastewater and how they are typically collected has
been discussed. Moreover, the chapter describes how much municipal wastewater is generated per
capita and, globally, how this wastewater is typically collected and treated. The key resources that
are present (or added during the treatment process) in municipal wastewater that potentially can be
recovered during its treatment have also been outlined. Moreover, the typical concentrations ranges at
which these different resources are present, as well as in what form these resources can be recovered,
have been discussed. After reading this chapter, the reader should have gained an appreciation of
the order of magnitude of municipal wastewater generation and the concentration and mass flows
of the plethora of resources embedded in municipal wastewater. In this context, the importance
of centralized systems for treating municipal wastewater on the potential for resource recovery in
terms of economy of scale should not be ignored. Many resources can potentially be recovered from
municipal wastewater, depending on the technology implemented. However, it is evident that there
is no ‘one size fits all’ combination of technologies/configurations that allows to recover each and
every resource present in the wastewater and choices need to be made which product to prioritize.
Finally, one should never forget that with >99% of the total mass flow, the major recoverable resource
in municipal wastewater is water. All other resources are present in diluted form at relatively low
concentrations.

1.9 EXERCISES

Exercise 1.1: A wastewater treatment plant services a community of 50 000 people residing in a
catchment of 30 km?. Assume that 90% of the inhabitants are connected to the combined sewer
network and that 10% of the people are living too remotely to be connected to the centralized sewer
network and have household based septic tanks. In order to improve the sustainability of urban
wastewater management of the community, resource recovery of nitrogen (in the form of ammonium)
has been raised as a potential priority by the city council. In this context, recent developments aimed
to recover nitrogen from urine (urine has a high N content, see Table 1.1) have gained special interest
in recent years. Let us assume that indeed ammonium recovery from urine at a household level can be
achieved, and based on this assumption, calculate the following:

(@) Calculate the amount of nitrogen that can be recovered on a daily and annual basis per
household (assuming an average of four people per household) and an N recovery efficiency of
90%.

(b) Calculate the amount of nitrogen that can be recovered at the WWTP assuming a recovery
potential of 25% of the incoming N load at the WWTP.

(c) Considering the values found in (a) and (b), describe the practical limitations of resource
recovery at a household level.
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(d) In addition to the practical issues raised in (c), it is important to realize that ammonium is
considered a bulk product produced at low cost and at very large industrial scale through
the Haber-Bosch process. Explain why this could further reduce the economic potential of
decentralized N recovery.

Exercise 1.2: A community in Indonesia must build a centralized wastewater treatment system. The
system is to service the 60 000 people of the district. An anaerobic pond is selected as a low-cost
treatment system in order to treat the water to achieve a safe discharge level of BOD; of 50 mg/L and
capture the biogas for powering gas burning stoves in the community, or burning it to provide a local
and renewable source of power for the community. The typical per capita wastewater characteristics
highlighted in Table 1.1 apply.

(@) Estimate the following influent parameters for the sewage stream (mg/L): BOD,, COD, TN, TP.
(b) Calculate how much methane (m3/d and GJ/d) could be recovered from the anaerobic
pond (assume 0.18 M3, ctane produced’ KEBODS,¢0vcq and that the energy content of methane is
approximately 37 MJ/m?3) and determine the number of households that would be supported
through the use of this gas for the case of:
(i) Cooking gas: where an average household of 5-6 uses 70 M]J/d of methane to power their
cooking stoves, or
(ii) Electricity: assume the energy conversion from methane to electricity is 0.3 and a typical
family uses 10 kWh of electricity per day (1 kWh=3.6 MJ). Comment on the advantages/
disadvantages of each proposed plan for methane recovery.

Exercise 1.3: The Canadian city of Halifax is building an activated sludge system at its main wastewater
treatment plant that services 170 000 people. Two resource recovery strategies are considered for
the sludge produced from this treatment facility, the first consists of one-stage anaerobic digestion
for methane recovery from biogas and the other is polyhydroxyalkanoate (PHA) recovery through
a 3-stage process. The 3-stage PHA process consists of: (1) anaerobic sludge fermentation to volatile
fatty acids (VFA), (2) aerobic culture selection through a feast/famine process fed with the effluent
of (1), and (3) PHA accumulation from the selected culture in (2) using the effluent of (1). Assume
standard (i.e., Table 1.1) wastewater flows and characteristics and that 80 gVSS of sludge are produced
per m? of wastewater treated by the facility. Considering that the value of PHA is $3.5/kg and that the
value of methane is $0.4/m3, where 1 m? of biogas (with a methane content of 65%) is produced per kg
of VSS, while 0.1 kg of PHA are produced per kg of VSS in the 3-stage process:

(@) Determine the relative value of the sludge stream using either the PHA recovery or biogas
recovery strategy

(b) Discuss the key factors impacting the capital and operational expenditures associated with
biogas or PHA production. Which process is likely to incur higher production costs? Why?
What would you consider to be the key points impacting your decision on the process to be
implemented?

Exercise 1.4: A utility is required to establish wastewater treatment strategies for remote communities
at the household level (average of four inhabitants per household) and is considering source
separation of the urine from the influent wastewater for nitrogen recovery as a fertilizer to be applied
agriculturally. Considering the N loading per capita of Table 1.1 and that the N load per hectare
required for fertilization is 14 kg N/ha, how many households would be required to meet the fertilizer
demand for 12 ha in 30 days?

Exercise 1.5: An apartment building in Beijing houses approximately 2500 inhabitants, where source
separation of urine is considered to be implemented for both nitrogen and phosphorus recovery that
will be transported to a neighboring region for fertilization purposes. Consider that the N and P
loading per capita of Table 1.1 applies and that the N and P loads per hectare required for fertilization
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are 21 kg N/ha and 9 kg P/ha, respectively. How many hectares could be fertilized from this building
per year? What would be the limiting nutrient?

Exercise 1.6: A music festival in Lisbon will have approximately 12 000 people in attendance during
the event. The water utility of the region plans to institute source separation of urine from the
wastewater at the event to provide a fertilizer for a nearby agricultural region where nitrogen is the
limiting nutrient. Considering the N loading per capita of Table 1.1 and that the N load per hectare
required for fertilization is 18 kg N/ha, how many hectares could be fertilized per day?

Exercise 1.7: The Singapore airport services approximately 227 000 passengers per day, where source
separation of urine will be implemented for both nitrogen and phosphorus recovery for fertilization.
Considering the N and P loading per capita of Table 1.1 and that the N and P loads per hectare
required for fertilization are 31 kg N/ha and 2.5 kg P/ha, respectively, how many hectares could be
fertilized from the airport per day? Will N or P be the limiting nutrient?

Exercise 1.8: Titanium dioxide nanoparticles are increasingly used in a variety of commercial
products such as textiles, paints and personal care products, and the fate of a great part of this
titanium is wastewater. Indeed, up to 4% of the TiO, applied onto textiles can wash off in a single
wash [40], and they are part of numerous daily life products such as sunscreen and toothpaste,
resulting in relevant concentrations of TiO, nanoparticles being washed into municipal wastewater
systems (Figure 1.3). TiO, must be removed in WWTP since it has been demonstrated that, if left
untreated, it can be harmful to aquatic life. Up to 85% of titanium typically ends up in the biosolids
due to the low solubility of TiO,. The state of Arizona conducted a feasibility study regarding viability
of recovering TiO, in WWTP. It was found that the titanium concentrations in raw wastewater
ranged from 181 to 1233 pg/L (median of 26 samples was 321 ug/L) [41]. Consider for this study the
WWTP of Phoenix 91st Avenue, which serves a population of 2.5 million people, treating a flow
rate of approximately 870 ML/day. Two processes of TiO, recovery are proposed, one from liquid
influent, and another from the biosolids, which are produced at a rate of 100 kg DW/ML of influent
wastewater treated. Estimate the minimum concentration of TiO, in the influent or in the biosolids to
make recovery economically viable for either scenario, assuming recovery efficiencies of 95 and 90%
for the liquid effluent and the biosolids, respectively. Assume process costs of $30/ML of influent
wastewater and $58/tonDW of sludge produced, and a value of TiO, of $60 per kg.

Exercise 1.9: Given that a small town with 3000 inhabitants is interested in investing in the
implementation of an anaerobic digester at their centralized WWTP:

(@) Calculate the practical calorific biogas production potential of the small town using the data
provided in Table 1.3.

(b) In (a) you have calculated the potential biogas production. How does this compare to natural
gas given that the annual per capita natural gas consumption equals to 2361 Nm? (average
consumption in the US? Assume that 1 Nm?3 of natural gas has a caloric value of 40 MJ/m53.

Exercise 1.10: In this chapter, the different waste streams comprising municipal wastewater have
been discussed, without the help of the information provided in this chapter, fill in the table below.

Grey water (%) Urine (%) Feces (%)

Flow rate
COD
Nitrogen
Phosphorus
Potassium
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Exercise 1.11: Considering (i) the metal concentrations depicted in Figure 1.3, (ii) typical coagulant
dosing rates in the form of either alum or iron-based coagulants and (iii) sludge production rates of
8000 000 and 9 253 000 ton DM sludge/year for the US and EU, respectively, estimate the total mass
flows by filling in the table below.

Metal Concentration in sludge Total estimated amount Total estimated amount
(mg/kg dry weight) in the EU (ton/year) in the USA (ton/year)

Fe
Al
Ti
Zn
Cu
Ag
Yt
Nd
Au
Pd

1.10 DISCUSSION QUESTIONS

Question 1.1 (technology and economy): As the innovation manager of a large water utility, you are in
charge of reorganizing the existing water infrastructure from its current situation to a more circular
approach within a timeframe of 15 years. The current wastewater treatment infrastructure comprises
two very large-scale wastewater treatment plants, with a capacity of 400 000 and 500 000 PE, both
using conventional activated sludge plants of 400 000 and 350 000 PE. In addition, it comprises
more than 50 small size WWTPs with a capacity between 500 and 1500 PE. You are asked to give
a presentation to the board of directors in which you evaluate the current status and justify your
masterplan. Where would you focus on in terms chosen technology, location (i.e., which WWTP to
focus on) and which resources would you target? What are your key considerations/motivations?

Question 1.2 (drivers and market analysis): A wastewater utility operating a WWTP with a capacity
of 500 000 PE is evaluating the feasibility of upgrading their treatment processes using advanced
treatment processes in order to generate an effluent that exceed drinking water quality. As the
business development manager of the wastewater utility, you are asked to give a presentation to the
board of directors in which you evaluate the economic potential, technical constraints as well as
social implications/considerations that need to be taken into account. What are the key criteria and
considerations that should be considered?

Question 1.3 (drivers, risks and social acceptance): As discussed in this chapter, the ultimate disposal
(or reuse) route of biosolids differs amongst the different regions in the world with beneficial reuse in
agricultural application, landfill and incineration the most commonly applied approaches. Evaluate
these three options and provide a list of potential advantages and disadvantages for each of these
options.

Question 1.4 (drivers, targets, policy and sustainability): With an ever-growing population and
increasing living standards, the world needs increasing amounts of inorganic fertilizer. Important
ingredients of fertilizer include ammonium and phosphorus. Ammonium is produced in large
amounts (i.e., over 100 million tons per year) via the energy-intensive Haber-Bosch process. The
process involves the reaction of N, (wWhich comprise 80% of our atmosphere!) with hydrogen under
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high temperature and pressure in the presence of an iron catalyst. Phosphorus on the other hand,
is a non-renewable resource that is mostly extracted from mineral phosphorus-rock deposits. An
important aspect is that only a few countries have significant deposits, with Morocco, China, Algeria
and Syria being the top four. Considering the above-described information, discuss the necessity
and key drivers for nitrogen and phosphorus recovery and also evaluate the potential environmental
benefits and social impact.

Question 1.5 (market analysis, risks and economy-of-scale): In developed countries, the wastewater
infrastructure is ageing and would require major upgrades in the coming decades. In less developed
countries and emerging economies a significant amount of new infrastructure will need to be realized
in the coming decades. Considering the above, there is an ongoing debate regarding how our future
urban waster infrastructure will look, that is, more centralized or more modular and decentralized.
Evaluate the general characteristics of centralized and decentralized systems and provide advantages
and disadvantages for each of these scenarios in the context of resource recovery, taking into account
economy of scale, practical feasibility and maintenance, monitoring and quality control and market
requirements of recovered resources.

Question 1.6 (rare earth metals, economics): As depicted in Figure 1.3, a wide variety of elements can
be found in sludge. In fact, even gold and platinum can be found in sludge. Due to the high value of
gold and platinum and other elements, it was estimated that when adding up the values based on the
individual prices of these elements, sludge can be valued at $460/ton sludge. Some people argue this
is a too simplistic economic assessment. Discuss potential economic and technical challenges that
would substantially reduce the overall process economics of recovery of high-value elements from
sludge.

Question 1.7 (rare earth metals, environmental impact): In the questions above, you have highlighted
several economic and technical challenges with respect to recovery of high value elements from
sludge. Let us assume a situation where all economic and technical constraints have been solved for
the situation where the sludge is incinerated and the metals can be recovered from the sludge ash.
Even in this scenario one could provide arguments as to why other approaches such as beneficial land
use as a fertilizer would be better. Examine the various sludge management strategies and discuss
what could be considered important aspects/drivers that would need to be assessed in detail.

Question 1.8 (design considerations, process stability, down-stream processing): Various approaches
aim to produce and recovery high-value products as a means to improve the overall economics of
resource recovery from wastewater. In this context, a very interesting approach is Kaumera Nereda®
Gum. Interestingly, and an important aspect to consider, is that the Nereda® technology was not
specifically developed and designed with the purpose to recover Kaumera. In fact, the primary
objective was to reduce the costs of municipal wastewater treatment and the observation that the
polysaccharide bio-based material Kaumera could be recovered from excess aerobic granular sludge
in a completely independent side-stream process was made at a later stage. Discuss the potential
benefits Kaumera may have from a process stability/robustness and wastewater operator confidence
and willingness to introduce this recovery method in relation to other resource recovery methods
such as struvite precipitation and ammonia stripping.

Question 1.9 (economic considerations, market demands, decision-making): For exercises 1.4-1.7,
comment on the potential for N and P recovery and the process challenges that would be encountered
in each case. Comment on the impact of economies of scale on the economic and practical potential
of recovery of N and P through source separation.

Question 1.10 (economic considerations, market demands, decision-making): You are the Innovation
Manager of a large wastewater utility that needs to prioritize the resources to be recovered from your
largest wastewater treatment facilities. Not all resources that are of potential interest can be recovered
simultaneously, while the recovery of some components may impact your capacity to recover other
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components. Outline your top five resource priorities to be recovered and justify well each of your
choices.

Question 1.11 (integrated management, multiple reuse, asset management): Sewer networks are mil-
lion-dollar assets that are exposed to severe corrosion problems arising from sulfate present in waste-
water. Large amounts of iron salts are continuously applied to precipitate sulfate thereby reducing the
hydrogen sulfide generated in sewers in order to control corrosion and odor. Knowing that coagulants
are also used in drinking water treatment systems and for the removal of phosphorus in WWTP, dis-
cuss an integrated approach for water management in a perspective of achieving multiple objectives
from a single coagulant application. What possible obstacles could arise is reusing iron salts within
the urban water cycle?

Question 1.12 (design considerations, enhanced energy generation, unwanted side-effects) In various
cities around the world, the idea has been proposed to use the existing underground sewer network
to transport other waste rather than just sewage. In fact, in several parts of the world the installation
of grinders in kitchen sinks are a common way to deal with organic kitchen waste. For example,
according to the USA Census Bureau (2011), almost half of the kitchens in the US were equipped with
these grinders. As organic kitchen waste increases the degradable organic load in the sewage that could
be recovered as biogas during anaerobic digestion, one could see the synergy - reducing the amount
of solid waste landfilled coupled with enhanced biogas production. While principally this holds true,
the approach also comes with important disadvantages that need to be considered such as unwanted
methane formation in the sewer network itself. Discuss whether the increased methane production
outweighs the disadvantages and risks.
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2.1 INTRODUCTION

Industrial production of goods and services is at the heart of our modern economy and society, and
accounts for approximately 20% of global water consumption (FAO, 2020). This number increases
significantly in developed and industrialized nations, as highlighted in Figure 2.1, with industry in
Europe and Canada accounting for 54 and 80% of total water use, respectively (FAO, 2020; Statistics
Canada, 2014). This water is key to the production of a variety of goods, such as processed food,
clothing, chemicals, materials, and energy. Through its use in industry, a portion of this water will
inevitably come into direct contact with a wide variety of raw resources, contaminants, or intermediate
products, leading to its contamination. This contaminated water is defined as industrial wastewater,
and it does notinclude contributions from agricultural and municipal wastewater discharge. Economic,
environmental and safety regulations have driven industrial sectors to systematically manage and treat
their wastewater, which can carry undesirable by-products, chemical residues, organics, pesticides,
heavy metals, nutrients and minerals, to meet certain standards for process water, rendering it safe to
be recycled and/or reused in processes, or returned to the environment. This treatment, which can take
the form of mechanical, biological, physical, chemical, and thermal processes, often applied in series,
represents a significant cost to industry. For example, in Canada, industrial wastewater treatment and
discharge costs represent between 28% and 63% of total industrial water costs, averaging out at about
37% for all industries (Statistics Canada, 2014). Furthermore, in addition to continuous and ongoing
growth in high-income countries, rapid industrialization and population growth in developing nations
are expected to boost water demand by the manufacturing sector by 400% by 2050 (Marchal et al.,
2011). These treatment processes, which amount to annual costs of tens of billions of dollars at a global
scale, can, however, present an alluring opportunity to recover resources, reducing the economic
burden associated with industrial wastewater treatment.

© 2022 The Editors. This is an Open Access book chapter distributed under the terms of the Creative Commons Attribution Licence
(CC BY-NC-ND 4.0), which permits copying and redistribution for noncommercial purposes with no derivatives, provided the original
work is properly cited (https://creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned
from any third party in this book. The chapter is from the book Resource Recovery from Water: Principles and Application, |lje Pikaar,
Jeremy Guest, Ramon Ganigué, Paul Jensen, Korneel Rabaey, Thomas Seviour, John Trimmer, Olaf van der Kolk, Céline Vaneeckhaute,
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Figure 2.1 Distribution of global water consumption by continent (data from FAO, 2020). The industrial segment
is generally made up of a variety of major sectors, each encompassing specific industries. Generally, regarding
wastewater, we can consider major industrial sectors such as manufacturing, mining, and energy, each of which
can then be further subdivided. For example, manufacturing encompasses industries such as textiles and leather,
pulp and paper, chemicals, among many others.

Indeed, though often approached as waste streams, these industrial wastewaters can provide a rich
source of water, nutrients, minerals, and compounds that can be recovered into valuable products.
Besides the recovery of water as process water, there are two main fields of resource recovery, that
is inorganic/organic compound recovery and energy recovery. In most industries, the largest driver
is the water recovery, though recovery of high cost/value compounds in the wastewaters of certain
processes, such as spent catalysts, can overtake this. The aim of this chapter is to outline these
industrial wastewater resource recovery opportunities. The following sections will discuss major
industries that contribute to the production of wastewater and their general characteristics, current
practices in industrial wastewater treatment, and resources that can be recovered from industrial
wastewater treatment processes.

2.2 LEARNING OBJECTIVES
At the completion of this chapter, you should be able to:

« Describe the sources and magnitudes of industrial wastewater generation and treatment, and
understand its potential for resource recovery.

- Describe the key resources that can be recovered during the treatment of industrial
wastewater.

« Identify recovery potential(s) in different types of industries.

« Understand that the added value from resource recovery processes can be evaluated not only by
considering product value, but also through additional benefits for the overall treatment of the
wastewater.
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2.3 THE MAJOR INDUSTRIES THAT PRODUCE WASTEWATER AND
THEIR CHARACTERISTICS

Industrial wastewaters stem from a variety of processes and industries, all being characterized by very
different compositions, and physical and chemical characteristics. These waste flows are as unique
as the processes that produce them and, therefore, require specific consideration when developing
and implementing resource recovery processes. Examples of industries that produce large volumes of
wastewater include: power generation, pulp and paper production, mining and refining processes, oil
and gas production and refining, industrial food production and processing, chemical manufacturing,
and textile production.

Indeed, as presented in Figure 2.2, the magnitude and share of industrial wastewater discharges
from the major industrial sectors (each encompassing a variety of specific industries) vary greatly
by region and depend on a variety of local factors. Though Figure 2.1 presents this distribution by
continent and Figure 2.2 highlights how variable this can be between countries, the same kind of
variability can be found between municipalities and regions within a country. This variability is
a representation of local realities, reflecting the specific types of industries and sectors present in
a region. For example, Figure 2.2 shows a stark contrast between the distribution of wastewater
generation in Canada and the United States compared with the average across 20 countries (mostly
based on countries in Europe), as well as with the three other example nations. However, these
differences reflect and can be explained by national behavior. Indeed, on a per capita basis, we find
that both Canada and the United States consume more than three times the amount of energy than
the other countries in Figure 2.2; around 12 000-14 600 kWh-person-!-year! for the United States
and Canada, compared to approximately 4000-4600 kWh-person-'year! for Poland and China (EIA,
2019). Similarly, Figure 2.2 also reflects the central role mining plays in Poland’s economy, being
one of the world’s main producers of coal, copper, silver, and rhenium (USGS, 2020). In contrast,
China’s dominance of global manufacturing, representing 28% of global output (World Bank, 2019),
is mirrored in the distribution of the country’s wastewater discharge.

Furthermore, all of the different industries contained within the industrial sectors presented in
Figure 2.1 have unique characteristics based on the specific industrial processes and wastewater
treatment scenarios applied. This can be seen in both Figures 2.3 and 2.4, where wastewater discharge
characteristics for China and Europe are presented, respectively. In Figure 2.3, which presents the
wastewater and chemical oxygen demand (COD) discharges from 22 industries in China, we can see
just how variable these can be. This variability is observed both in the amount discharged, as well as
the composition of the discharged wastewater, measured through COD. For example, based on Figure
2.3, the textile goods segment is responsible for the third largest quantity of wastewater discharged,
while it represents the highest COD discharge in China, reflecting the high organic matter content
of the textile industry’s waste stream. Conversely, wastewater discharges from electricity and energy
production (expressed as both ‘Electricity, steam’ and ‘gas production’) are large but contain a small
COD load relative to the other segments.

This variability in industrial wastewater characteristics continues when looking at more specific
compounds/pollutants, such as chlorinated organic compounds, heavy metals, and other organic and
inorganic pollutants, such as COD, hydrocarbons, and phenols (organic), and chlorides, cyanides,
fluorides, and nutrients (inorganic), as shown in Figure 2.4. As mentioned, these flows are extremely
variable based on sectors, processes, and treatment scenarios, with a deeper dive into these sectors
being provided throughout the following section. Generally, we can note that chlorinated organics
mainly stem from the pulp and paper and chemical industries, while heavy metals are present across
all industries, being particularly present in general manufacturing and metal and mining related
industries. Other organic compounds are prevalent in most sectors (with the exception of metal and
mining related industries), while inorganic compounds are the main pollutants discharged from the
chemical industry.
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Figure 2.2 Breakdown of wastewater generation by major industrial sectors for various countries. Note that no
data was available for the contribution of construction to the totals given by Canada, China, and the United States.
Based on data and estimates from the United Nations World Water Assessment Program (WWAP) (2017), Dieter
et al. (2018), Statistics Canada (2014), and Guo et al. (2018).
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Figure 2.3 Industrial discharge by sector in China for the year 2014. Based on the estimates of Guo et al. (2018).

The figures presented thus far have provided a good picture of the different industrial segments
that generate wastewater and some of the main pollutants in those wastewater streams. However,
resource recovery processes are often aimed at specific compounds, and not general pollutant classes.
Table 2.1 presents a list of the major types of contaminants found in industrial wastewater and the
industries with which they are generally associated. These include substances with significant impacts
to public and/or environmental health, such as heavy metals, synthetic organic substances, inorganic
substances, nutrients (such as N, P, K), organic matter and emerging contaminants. Some of the
contaminants in Table 2.1 can be recovered, recycled and/or reused, as described in Section 2.5 and
later chapters of this book. Other contaminants in Table 2.1 are not recovered but may still impact the
selection of treatment technologies and the value of recovered resources.

Currently, on-site industrial wastewater treatment often focuses on managing organics (COD)
or toxic compounds (e.g., heavy metals and chlorinated organics), while other inorganic substances
(including nitrogen and phosphorus) are important discharges from industrial wastewater treatment.
Indeed, in 2011, the European Environment Agency reported that inorganic substances made up more
than 98% in mass of the directly released (i.e., from the industrial plant directly into waterbodies)
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Figure 2.4 Pollutant discharge by sector throughout Europe in 2016, adapted from EEA (2019).

substances (EEA, 2019), while Canada’s 2009 inventory showed the importance of nutrients, with
nitrogen representing 90.4% of industrial discharge (47.1% nitrate and 43.3% total ammonia),
followed by phosphorus at 5.1% (Statistics Canada, 2011). Organic substances account for 2% of
total release, with all other contaminants making up the remainder. Indeed, despite higher discharge
limits for COD than most other contaminants, the massive amount of inorganics used, produced,
and released during industrial processes generally outweighs the mass of discharged organics. This
is highlighted in Figure 2.4, where the release of inorganic substances through Europe is in the order
of 107 tons-year!, compared to about 10° tons-year! of organic compounds, mostly stemming from
the chemical manufacturing industry. Furthermore, chemical manufacturing is one of the primary
industrial sectors in many countries (e.g., China; see Figure 2.3) and is thus an important source of
industrial wastewater discharge. Another factor leading to the prominence of inorganics release is that
regulations on the nutrient loads of discharged waters vary widely, and often only focus on limiting
discharge in areas susceptible to eutrophication. However, legislation throughout the world is shifting
to stricter guidelines (Preisner et al., 2020). Despite the relatively low presence (by mass) of other
substances, such as heavy metals and emerging contaminants in industrial wastewater, their potency
and significant impacts on human health and the environment still render them very problematic.

The following section will highlight the main characteristics of a few major industries, focusing on
what differentiates them from one another, given the great variability found in industrial wastewater
composition.
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Table 2.1 Major contaminants found in industrial wastewaters and their primary industrial sources.

Substance Type Substance

Major Sources

Nutrients

Heavy metals

Organic matter

Organic
substances

Inorganic
substances

Emerging
contaminants

Nitrogen (N)
Phosphorus (P)
Sulfur (S)
Potassium (K)
Arsenic (Ar)
Cadmium (Cd)
Chromium (Cr)
Copper (Cu)
Lead (Pb)
Mercury (Hg)
Nickel (Ni)
Zinc (Zn)
Biochemical/chemical oxygen demand
(BOD/COD)

Suspended solids (SS)
Chlorinated organics

Benzene

Di(2-ethylhexyl)phthalate (DEHP)
Halogenated organics (AOX)

Linear alkylbenzene sulfonates (LAS)
Naphthalene

Nonylphenol and ethoxylates (NPE)
Organotin compounds

Phenols

Polycyclic aromatic hydrocarbons (PAH)
Toluene

Xylenes

Chlorides

Cyanides
Fluorides
Brominated diphenyl ethers (PBDES)

Chlorinated paraffin

Pharmaceutical compounds
Polydimethylsiloxanes (PDMS)

Per - and Polyfluoroalkyl substances
(PFAS)

Most sectors

Metal and glass manufacturing, energy, car
repair, tanneries

Food industry, pulp and paper, wood
preservation

Chemical manufacturing, pulp and paper, wood
preservation

Most sectors

Energy, iron and steel production, chemical
manufacturing

Flame retardants (textile, furnishing and
electrical insulation manufacturing)

Plastic manufacturing, flame retardant,
sealants, paints

Pharmaceutical industries

Lubricants, electrical insulators and antifoam
production

Flame retardants, cleaning products, stain-
resistant products, paints, automotive,
construction, electronics
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2.3.1 Food and beverage industries

The food production and processing sector encompasses a large variety of industries, including animal
production, animal processing, fruit and vegetable washing, general food processing (fruit, vegetable,
meat, dairy), bottling and packaging, and so on. A common characteristic of wastewater generated
in these industries is high organic matter content, notably high biochemical oxygen demand (BOD)
and high total suspended solids (TSS). There are also additional contaminants that are more industry
and process specific. For example, wastewater from animal industries may contain blood, tissue/
body residues, and often high amounts of oil and grease, while wastewater from fruit and vegetable
industries may contain pesticides. Salts, surfactants, flavoring compounds, pathogens, and nutrients
are also present in variable concentrations.

Given the role of organic compounds in the food and beverage sector — such as organic acids
used to regulate pH, act as preservatives, and enhance flavors (Quitmann et al., 2013; Valta ef al.,
2015) - they are one of the primary contributors to the release of non-chlorinated organic substances
(EEA, 2019). An overview of wastewater production and associated BOD and total nitrogen (TIN)
concentrations from food and beverage production and processing is presented in Table 2.2.

The largest wastewater producer in the food and beverage sector is the dairy industry, which
is characterized by wastewaters with high BOD, COD, and salt contents. Between 50 and 80% of

Table 2.2 Wastewater characteristics from select sectors of the food and drink industries.

Sector Water Production BOD (mg/L) BOD/TN (-)2 Unit of Production
(m3/Unit)
Fruits and vegetables
Sugar cane 0.5-10 250-5000 25-60 1t produced
Canning (fruit/vegetables) 4-50 600-7500 27-37 1t processed
Pea processing 13-18 300-1350 1t processed
Tomato processing 4-8 450-1600 1t processed
Carrot processing 11 800-1900 1t processed
Potato processing 7.5-16 1300-3300 5-14 1t processed
Citrus processing 9 320 27-37 1t processed
Animal industries
Fish farming® 0.5-1.5 0.4-300 1-20 1t produced
Dairy (without cheese) 1-10 300-5000 3-14 1000 L milk
Dairy (with cheese) 2-10 500-8000 1000 L milk
Chicken processing 15-60 100-2400 3-10 1t produced
Beef processing 10-16 200-6000 1t processed
Fish processing 5-35 2700-3500 7-43 1t processed
Slaughterhouse 0.5-3 150-8500 - 1 cattle/2.5 pigs
Beverage and confectionary
Sweets/candies 5-25 200-1000 - 1t produced
Margarine 20 1500 - 1t processed
Yeast production 150 7500 - 1t produced
Alcohol distillation 60 3500 30-100 1t cane processed
Brewery 5-20 500-4000 7-43 1 m3 produced
Soft drinks 2-5 600-2000 5-200 1 m3 produced
Wine 5 - - 1 m3 produced

Various sources from practice.
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Table 2.3 Wastewater characteristics from some dairy industries effluents.

Process Effluent BOD (mg/L) COD (mg/L) TSS (mg/L) TN (mg/L) TP (mg/L) pH
Butter 220-2650 8900 700-5070 - - 12.1
Cheese 590-5000 1000-63500 190-3400 18-830 5-280 3.3-9.5
Fluid milk 500-1300 950-2400 90-450 - - 5-9.5
Ice cream 2500 5200 3100 - 14 5-7
Mixed dairy 240-5900 500-10400 60-5800 10-660 0-600 4-11
Whey 9500-60 000 50 000-100 000 1250-22 150 200-2000 120-530 3.9-6.5
Whey processing 590-1200 1070-2180 80-440 - - 5-9

Adapted from Kolev Slavov (2017).

the water used by the dairy industry becomes contaminated, with estimates placing the volume of
wastewater generated at 2.5 times the volume of processed milk (Kolev Slavov, 2017), which would
result in over 2 billion m3 of wastewater generated yearly. The most polluted waters stem from
equipment cleaning, sanitary waters, and manufacturing by-products. These wastewaters are high
in organic matter and solids, with whey being one of the primary pollutants, while sanitary waters
are an important source of nitrogen (Kolev Slavov, 2017). Currently, multiple processes are used to
treat dairy wastewaters, including mechanical, physicochemical, chemical, and biological treatment
approaches, as will be discussed in section 2.4.

Table 2.3 provides an overview of the composition of wastewaters from dairy industries, adapted
from the work of Kolev Slavov (2017). As noted, these wastewater streams remain highly variable, even
for the same process effluent, given the great variability in processes applied throughout industries.
We will explore the potential to recover resources from wastewater in section 2.5, but we can already
note that the high level of organic contaminants (BOD and COD) can be targeted, while nitrogen and
phosphorus could potentially be recovered from certain waste flows (notably those associated with
cheese and whey). Indeed, the use of on-site anaerobic digesters has been growing quickly in recent
years as a strategy to recover energy for many dairy industries.

2.3.2 Textile industries and leather production

Textile manufacturing and leather production are two other primary generators of industrial
wastewaters. As highlighted in Figure 2.3, in China, the textile industry is responsible for the third
highest industrial wastewater discharge and the highest COD discharge. Indeed, wastewaters from
textile processes are high in volume and generally contain very high amounts of BOD, COD, and
TSS, though lower amounts of nutrients. The pH is a key parameter that varies between industries.
This is significant as pH corrections may be required to enable some treatment or resource recovery
technologies. The general characteristics from various textile manufacturing processes are presented
in Table 2.4.

Beyond these general properties, textile industries are also characterized by the abundance of
certain compounds (Bisschops & Spanjers, 2003; Yaseen and Scholz, 2019). For example, due to
the frequent and heavy use of dyes within many of these industries, flows often have highly variable
tinctorial characteristics. Additionally, reactive dyeing processes use large quantities of sodium
chloride, leading to wastewaters reaching up to 6000 mg Cl-/L and 7000 mg Na+/L (Yaseen & Scholz,
2019). Oil and grease (lipids) are also very common, often being by-products or reagents for certain
treatment/manufacturing steps. For example, wool scouring (washing) produces high amounts of oil
and grease, while oils and fats are important additives for fiber spinning and fabric manufacturing.
Metals can also be present throughout these wastewaters, notably from dyes, many of which contain
chromium, cadmium, lead, zinc, copper, or cobalt (Bisschops & Spaniers, 2003; Halimoon and Yin,
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Table 2.4 Wastewater characteristics from textile manufacturing processes (bisschops & spanjers, 2003; bond &
straub, 1974; von Sperling, 2007).

Process Water Production BOD (mg/L) COD (mg/L) TSS(mg/L) pH Unit of
(m3/unit) Production

Cotton 120-750 200-1500 400-1800 200 8-12 1t produced

Wool 500-600 500-600 - - - 1t produced

Rayon 25-60 500-1200 - - - 1t produced

Nylon 100-150 350 - - - 1t produced

Polyester 60-130 1500-3000 - - - 1t produced

Cotton desizing - - 950-20 000 1000-26200 8.8-9.2 -

Wool scouring 20-70 2000-60 000 2000-90000 1000-30000 7.6-11 1t produced

Cotton scouring - 100-2900 8000 184-17 00 7.2-13 -

Synthetic scouring - - 500-2800 600-3300 8-10 -

Wool dyeing 20-60 400-5000 620-7920 900 4.6-8 1t produced

Cotton dyeing - 970-1460 1115-4585  130-25000 9.2-10.1 -

Textile bleaching - 250-300 288-13500 6-13.5 -

Tanning? 20-40 600-4000 2000-11200 600-3000 11-12 1t hide processed

Laundry - 1600 2700 250-500 8-9 -

Leather? - 2000 2340-7180 - 4.1-47 -

Shoes 5 3000 - - - 1000 pairs

produced

aKannaujiya et al. (2019); "Ramasamy (2019).

2010). Indeed, in dyeing wastewater, heavy metal concentrations can be as high as 12.1 mg Cu/L,
2.7 mg Cr/L, 7.5 mg Cd/L, and 3.4 mg Zn/L (Bisschops & Spaniers, 2003), while the effluent from
tanneries can reach up to 391 mg/L of Cr and 268 mg/L of Mg (Sahinkaya et al., 2017). Another
class of substance used in high quantities in textile manufacturing that ends up in wastewaters is
surfactants, notably anionic and non-ionic surfactants, with concentrations ranging from 15 mg/L
in silk and lycra printing plants up to 2000 mg/L for desizing wastewaters (Bisschops & Spaniers,
2003). Nutrients such as nitrogen, phosphorus, and sulphates are also present, as in most wastewaters,
often ranging between 70 and 80 mg/L for total Kjeldahl nitrogen (TKN), between 0 and 300 mg/L of
phosphate, and between 0 and 2250 mg/L of sulphates, depending on the process (Yaseen & Scholz,
2019). Regarding nutrients, sulfur and/or phosphorus recovery could be of particular interest for some
of these textile waste streams, given the potential for high concentrations.

Wastewaters from the leather industry are also characterized by very high COD and BOD, as
observed in Table 2.4 (leather; tanning). Beyond high organic loads, tanneries discharge a significant
amount of chromium, due to the prevalence of the chrome-tanning process throughout the world.
Wastewaters from plants using the chrome process have been reported to contain chromium (Cr)
concentrations of over 500 mg/L (Kannaujiya et al., 2019). Sulfides are also prevalent, ranging between
50 and 900 mg/L (Kannaujiya et al., 2019). A variety of resources can be targeted for recovery from
leather and tanning wastewaters, including sodium sulfide and fats (Sawalha et al., 2020).

2.3.3 Wood-related industries

Pulp and paper industries generally produce waste effluents with high levels of organic material, such
as BOD, COD, and suspended solids, while generating significant volumes of wastewater (around
70 m3 per ton of paper produced) (Hubbe et al., 2016), alongside important chlorinated organics,
methanol, and sulfur concentrations. Indeed, processes that involve further wood treatment, such
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Table 2.5 Wastewater characteristics from processes used throughout pulp and paper industries.

Process BOD (mg/L) COD (mg/L) TSS N P S MeOH pH
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Thermomechanical 1541 2713 127 7 - - - 4.6
pulping whitewater
Thermomechanical 2800 5600-7210 383-810 12 2.3 72 25 4.2
pulping
Chemi-thermomechanical 3000-4000 6000-9000 500 - - 167 1500 6.2
pulping
Kraft mill 2000-10700 4000-16 000 3620 306-600 1-2 6-375 421-8500 8.2
Bleach Kraft mill 128-184 1124-1738  37-74 2 - - 40-76 10.1
Sulfite mill 2000-5110  4000-27 100 - - - 800- - 2.5-5.9
1270
Bleached pulp mill 1566 2572 1133 - - - - 7.5
Wood preparation 250 - 600 - - - - -
Paper making 330-27 000 610-5020 760-800 11 0.6 97 9 7.8
Newsprint mill - 3500 250 - -
Chip wash 12000 20 000 6095 86 36 315 70 -
Digester house 13088 38588 23319 - 11.6
Spent liquor 13 300 39 800 253 55 10 868 90 -

Adapted from Bajpai (2000) and Ashrafi et al. (2015).

as bleaching, can generate organic substances, notably chlorinated organics like trichloromethane
(chloroform). Wood processing and preserving industries also tend to have waste flows with high
levels of organic materials, while also using many toxic compounds such as heavy metals (arsenic,
copper, chromium) and organic substances (phenols, oils). Overall, wood-related industries are the
second most important contributors to the release of organic substances in Europe, as well as the most
important source of chlorinated organics (EEA, 2019). General wastewater characteristics from pulp
and paper processes are presented in Table 2.5.

The pulp and paper industry already implements significant resource recovery to recover many of the
chemicals used throughout the various processes. One notable example is the recovery boiler, applied
with most Kraft processes, alongside some sulfide processes. These boilers are employed to recover
the chemicals used during the pulping process from the wastewater, known as black liquor, through a
variety of steps, alongside energy through combustion (Vakkilainen, 2005). From this process, black
liquors are used to generate heat, reduce emissions of inorganic sulfur, produce sodium carbonate and
sodium sulfide (both of which are used as reagents during pulping), and recover inorganic chemicals.
While recovery boilers have been a staple of the pulp and paper industry since the 1930s, significant
progress has been made in recent years regarding resource recovery, leading to a constant reevaluation
of recovery alternatives in the field. Generally, energy is the primary resource targeted for recovery,
due to the vast quantities of organic residues arising from the processes. Though alternatives such
as incineration, gasification, and pyrolysis can be of interest for the liquors from pulping processes
(sulfite and kraft mills), as will be discussed in sections 2.4 and 2.5, some recovery processes can
face significant challenges. For example, pulp and paper wastewaters typically contain very low
nutrient concentrations, with the exception of sulfur. Therefore, if biological recovery processes
such as anaerobic digestion are sought, additional nutrients are required to enable the biological
pathways. Furthermore, compounds such as chlorine and its reactive byproducts are plentiful,
leading to hundreds of different chlorinated hydrocarbons, including chlorinated lignosulfonic acids,
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chlorinated resin acids, chlorinated phenols, guaiacols, catechols, benzaldehydes, vanillins, syringo-
vanillins, and chloropropioguaiacols, as well as products of lignin degradation, notably chlorolignins
(Hubbe et al., 2016), many of which can be detrimental to biological processes through toxicity (Chen
et al., 2014; Yin et al., 2001).

As mentioned, most nutrients in pulp and paper wastewaters tend to be low. The exception to
this is sulfur, which can be very high in wastewaters from certain pulp and paper processes. This is
notably the case for chemical pulping, which is either undertaken through sulfite or sulfate (Kraft)
pathways. Both processes are pulping processes that seek to extract almost pure cellulose from wood.
The first (sulfite) process achieves this extraction through a reaction of aqueous sulfur dioxide (SO,)
with a base (calcium, sodium, magnesium or ammonium). The second, and more popular, (Kraft)
process generally uses sodium hydroxide (NaOH) and sodium sulfide (Na,S) to produce wood pulp.
Consequently, a significant amount of sulfur ends up in various process effluents, as shown in Table
2.5, with concentrations potentially ranging above 1000 mg L-'. As mentioned, recovery boilers
already seek to recover a portion of this sulfur, but a significant portion of sulfur still leaves pulp and
paper mills as waste and could be valorized.

Methanol is another by-product of pulp mills that could be targeted for resource recovery, as it
is generated in massive amounts and is generally considered as a waste product. Indeed, the Kraft
process typically produces around 5 kg of methanol per ton of dry pulp, ranging upwards to 15 kg per
dry ton (Joyce, 1979; Zhu et al., 2000). Given its volatile nature, the condensate from Kraft evaporators
is particularly rich in methanol, with concentrations ranging between 1000 and 46 000 mg/L,
representing between 80 and 96% of total COD for this effluent (Badshah ef al., 2012). Another area
of complexity that must be addressed when treating wastewaters from pulp and paper plants are the
variable wood extracts that are hydrophobic and soluble in neutral solvents. These compounds include
resin acids, fatty acids, sterols, diterpene alcohols, and tannins. They are among the main contributors
to pulp mill effluent toxicity but are also resistant to chemical degradation (Hubbe ef al., 2016).

2.3.4 Metal and mining industries

As noted previously, the mining industry is among the main contributors to wastewater use and
discharge throughout the world. Many processes involved in mining and refining of metals and ore
lead to significant wastewater generation, with mining alone being responsible for 800 million m?
of wastewater annually throughout Europe (WWAP, 2017). These waters can stem from a variety of
sources, including water intensive processes such as electroplating, flotation, and cooling. However,
given the ‘open’ nature of many of these processes, rain waters are also an important source of
wastewater, washing exposed surfaces, transporting, and leaching various substances, both from
the rock surfaces and from industrial equipment (oils and grease, hydraulic fluids, etc.). Indeed, the
recovery and refining of metals and ores lead to the contamination of process water with the metals,
any other elements found alongside the desired product, and the chemicals used in these processes.
For example, a significant amount of arsenic tends to be found in gold deposits (Straskraba & Moran,
1990), leading to the release of arsenic, cyanide, and very fine particles of gold following the commonly
applied cyanide leaching (cyanidation) process (Straskraba & Moran, 1990). Similarly, gold also tends
to naturally form with sulfide-type ores (Welham, 2001). Following extraction of the desired elements,
the sulfur inevitably ends up forming sulfuric acid in acid mine drainage, that is acid solutions rich in
heavy metals (Druschel et al., 2004). Another common extraction and recovery process is flotation.
Flotation is the most popular mineral processing method and therefore the greatest consumer of water
in mineral processing plants (Li ef al., 2019). These waters tend to be heavily contaminated with (non-
organic) suspended solids, organic flotation reagents, and heavy metal ions (Li et al., 2019).

Coolant water also tends to be a major source of contaminated water. Indeed, during refining,
notably of iron and steel, water is used as a coolant for the high temperature reduction reactions
used in these processes. As such, the water comes in contact with a variety of contaminants, notably
ammonia, sulfides, and cyanide, alongside a variety of organic compounds (Biswas, 2013). There is also
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Table 2.6 Wastewater characteristics from processes used throughout the metal and mining industry.

Compound Blast Furnace Slag Rolling Cooling of Pickling Flotation and
Gas Cleaning Crushing Mills Pig Iron Wastewater Enrichment of Lead
and Zinc Ores

20 000-140 000

TSS (mg/L) 330-670 500-600 1000-1500 500-3500
TDS (mg/L) 800-4000 450-550 400-500 500-2000 - -
Cyanide (mg/L) 0.6-1.3 Negligible - - - 2-5
Thiocyamates 0-17 3-4 - - - 2-5
(mg/L)

Iron (mg/L) 140-1180 - - - 80-600
Chloride (mg/L) - - - 30-300 - -
Sulfate (mg/L) - 100-150 100-150 20-650 200-2000
Calcium (mg/L) - - - - 50-200
Aluminium (mg/L) - - - - 0-50
Lead (mg/L) - - - - - 5-10
Zinc (mg/L) - - - - - 0.1-10
Copper (mg/L) - - - - - 0.4-8
pH 7-9 - - 7-8 1.5-4.5 -
Adapted from Jargensen (1979).

a major source of acidic wastewater from the conversion of iron to steel that is further contaminated
by ferrous salts. Given the role of metals in this sector, mining and refining industries are the most
important direct source of heavy metals and are nearly on-par with the chemical manufacturing
industry for overall (direct and indirect) release of these substances (EEA, 2019). Table 2.6 presents
a general overview of wastewater composition of some of the major processes involved in metal and
mining industries, while Table 2.7 highlights some of the metals that can be present in various metal
and mining waters. It is important to note that the compositions in Table 2.7 are extracted from a
limited sample of works and are only intended to highlight the presence of the different metals and
their variability.

2.3.5 Oil and gas production and refining

Another major contributor to global wastewater generation, the oil and gas sector generates more
than 3 billion m? of wastewater annually (Saunders, 2017). Oil and gas production generates two main
kinds of wastewaters: process water and produced water. Process water is the result of the various
chemical processes used to produce petrochemicals, often leading to waters rich in hydrocarbons,
organic acids and compounds, and inorganic substances (Allen, 2008). Produced water arises from
salt water trapped in underground formations that surfaces during extraction. This water contains
high quantities of hydrocarbons and metals, as well as spent caustics and salt that can be a burden
to treatment equipment (Wei et al., 2019), and is the largest source of wastewater (by volume) of oil
and gas extraction, with ratios of produced water to oil potentially ranging upwards of 100:1 (EPA,
2019). An overview of a variety of these wastewaters is provided in Table 2.8, while Table 2.9 provides
general characteristics from petroleum refineries and petrochemical plant wastewaters.

2.3.6 Chemical industry

Chemical manufacturing is the main source of inorganic substances in industrial wastewaters, as
well as an important contributor to heavy metal release (EEA, 2019). The substances found in these
wastewaters are dependent on the chemicals being used and manufactured, but are generally comprised
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Table 2.7 Some examples of heavy metal loads of various flows emanating from the metal and mining industries.

Type of Metal Electroplating2>c Basic Mine Acid Mine Mine-impacted Smelting Scrap
Waterd Drainage® Groundwaterf Wastewaterf Leachates

Magnesium (mg/L) - 74.6 342 1950 - -

Aluminium (mg/L) - 0.022-0.024 54.3 - - 166

Vanadium (mg/L) - - - - - -

Chromium (mg/L) 34-225 - 0.12 - 2.3 44
Manganese (mg/L) - 0.001-0.003 6.05 - - -
Iron (mg/L) 2.6-8.55 - 391 675 88 244
Cobalt (mg/L) - - 8.9 - 0.04 -
Nickel (mg/L) 28-190 - 3.78 - 12 642
Copper (mg/L) 0.92-36.5 - 44.9 60 164.48 12293
Zinc (mg/L) 24-239 - 5.9 65 455.6 4375
Palladium (mg/L) - - - - - 183.1
Silver (mg/L) - - - - - 10.9
Cadmium (mg/L) - - 0.01 - 76.05 -
Platinum (mg/L) - - - - - 20.9
Gold (mg/L) - - - - - 11
Lead (mg/L) 25 - 6.9 - 4.6 111
Bismuth (mg/L) - - - - 85 -
Indium (mg/L) - - - - - 1008
Tin (mg/L) - - - - - 122

aChang and Kim (2007); ®Sankararamakrishnan et al. (2008); cKumar et al. (2011); ¥Nordstrom et al. (2015); eSahinkaya et al. (2017);
fWeijma et al. (2002); sUmeda et al. (2011).

of unreacted reagents, co or intermediary products, end products, acids or bases used to control pH,
as well as heavy metals that are often employed in a variety of processes. A range of sectors fall within
this industry, such as chemicals, petrochemicals, polymers, fertilizers, pharmaceuticals, cosmetics,
and many other consumer products. Wastewater characteristics from some of these industries are
presented in the tables below, highlighting how variable these streams can be between industries.
Indeed, Table 2.10 presents wastewater characteristics from the pharmaceutical industry, in which
we note extremely variable ranges for compounds and properties such as TSS, total dissolved solids
(TDS), COD, BOD, and pH, while having relatively high levels of heavy metals, chlorides, sodium,
and oil and grease. Table 2.11 presents the interesting case of wastewater generated from the plastic
recycling industry during pre-washing and washing, demonstrating a wide variety of contaminants
due to the nature of their use, being in contact with an array of different compounds.

2.4 CURRENT PRACTICE IN INDUSTRIAL WASTEWATER TREATMENT

Given the wide range of substances found in industrial wastewaters, as highlighted in section 2.3,
treatment processes are also as variable. Table 2.12 presents an overview of conventional treatment
processes used to treat industrial wastewaters. These processes are divided into mechanical, physical,
chemical, biological, and thermal processes. The first two are mainly separation processes, with
mechanical and physical treatments using physical properties, such as particle size, solubility, density,
boiling point, and so on., to drive separation. Chemical treatments can be either focused on separation
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Table 2.8 Wastewater characteristics from oil and gas production wastewater (EPA, 2018).

Compound Drilling Produced Process Flue Gas
Wastewater Water Wastewater Desulfurizationab

TSS (mg/L) 168-47 300 57-353 - -

TDS (mg/L) 557-39 500 2861-226 733 191.9-151 713 -

BOD (mg/L) 79.8-1119 244-2120 - -

COD (mg/L) 153-9270 1360-3070 - -

Aluminium (mg/L) 1.7-6916 - - 0.147

Ammonia (mg/L) 0.98-34.98 - 0.147-2.86 -

Barium (mg/L) 2.55-471 0.963-787 0.05-6.86 -

Benzene (mg/L) - 0.0015-1.7 - -

Bromide (mg/L) - 270-798 14.71 -

Chloride (mg/L) 158-23 469 698-141 200 5-74 975 -

Mercury (mg/L) - - - 0.066-0.289

Potassium (mg/L) - 0-2190 - -

Selenium (mg/L) - - - 1.24-3.13

Sodium (mg/L) 167-15 726 733-63 284 - -

Strontium (mg/L) 1.8-663 nd-4370 0.11-149.35 -

Sulfate (mg/L) nd-1568 nd-3350 13.06-16.32 -

aStaicu et al. (2017); bGingerich et al. (2018).

Table 2.9 General wastewater characteristics from petroleum
refineries and petrochemical plants.

compound Range Average
TSS (mg/L) 20-930 120
TDS (mg/L) 270-87 810 2900
BOD (mg/L) 1-14 230 110
COD (mg/L) 75-265 100 610
Ammonia (mg/L) 20-65 30
BTEX (mg/L) 0.005-1290 10
Heavy metals (mg/L) 0.01-100 6
Oil and grease (mg/L) 3.5-2990 60
Phenol (mg/L) 0.2-210 50
Sulfate (mg/L) 1.5-100 25
Sulfide (mg/L) 18-870 25

Adapted from Jain et al. (2020).

or transformation, while potentially allowing for both simultaneously. Regardless of whether the goal
is transformation or separation, chemical reactions are the driving factor. The last two treatment types
(biological and thermal), tend to be used to breakdown and transform problematic contaminants into
more manageable or less hazardous forms. Biological treatments involve the use of microorganisms
to undertake biochemical reactions, notably to treat organic matter and some organic and inorganic
substances. In some cases, especially when there are significant quantities of heavy metals and
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Table 2.10 General wastewater characteristics from pharmaceutical industry wastes.

Compound Range Metal Range
TSS (mg/L) 30-1200 Cadmium (mg/L) 0.036-0.56
TDS (mg/L) 135-4000 Chromium (mg/L) 0.01-1.11
BOD (mg/L) 20-15 660 Copper (mg/L) 0.02-1.67
COD (mg/L) 130-38 640 Iron (mg/L) 0.02-2.35
TN (mg/L) 80-500 Lead (mg/L) 0.03-6.53
TAN (mg/L) 74-116 Nickel (mg/L) 8.5-10.8
TP (mg/L) 18-47 Manganese (mg/L) 6.41-8.47
Chloride (mg/L) 200-2800 Zinc (mg/L) 0.2-1.3
Sodium (mg/L) 155-2000

Potassium (mg/L 128-140

Sulfate (mg/L) 80-360

Sulfide (mg/L) 40-100

Oil and grease (mg/L) 0.5-3965

pH 3.9-8.5

Adapted from Rana et al. (2017).

emerging contaminants, thermal processes can be applied to ensure the destruction (or at least
concentration to facilitate safe disposal) of these compounds at high temperature.

2.5 WHICH RESOURCES CAN BE RECOVERED FROM INDUSTRIAL

WASTEWATER TREATMENT?

Though some of the substances contaminating industrial wastewaters are generally undesirable, many
of them have some value and can be reused in other circumstances. Of the contaminants highlighted
in section 2.3, the following can be of interest to recover and reuse: inorganic/organic compounds
(nutrients, metals, chemical compounds, stabilized organic biosolids), water and energy. Recovery
pathways are presented in Figure 2.5 and briefly described below.

Table 2.11 General wastewater characteristics from plastics recycling.

High Density Polyethylene:

Polyethylene Terephthalate Polypropylene
Compound Pre-washing Washing Pre-washing Washing
TS (mg/L) 660-1310 5180-5455 650-1090 7810-8090
TSS (mg/L) 345-634 732-1136 450-876 211-466
COD (mg/L) 315-684 750-983 340-581 100-267
Oil and grease (mg/L) 23-122 20-96 156-266 70-130
Cadmium (mg/L) - - - 0.04-0.06
Iron (mg/L) 4.75-8.06 6.73-7.86 7.13-12.90 3.03-6.06
Lead (mg/L) 0.06-0.14 0.8-1.84 - 0.80-1.35
Manganese (mg/L) 0.08-0.11 0.07-0.08 0.09-0.15 0.06-0.11
pH 7 11.9 7 12.4

Adapted from Santos et al. (2005).
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Table 2.12 Conventional processes applied to industrial wastewater treatment and the main potential recoverable

resources.
Process Process Description Main Potential
Type Recoverable
Resources
Mechanical Centrifugation Separation of particles through centrifugal force Organic solids,
treatment based on their size, density and viscosity nutrients
Filtration Separation of particles based on size. Undertaken Organic solids,
with membranes (reversed osmosis, ultra- and high-quality water (if
microfiltration) reversed osmosis)
Flotation Separation of particles based on their Organic solids,
hydrophobic/philic nature (can be controlled by nutrients, metals
chemical additives)
Sedimentation Separation of particles due to gravity Organic solids,
nutrients, metals
Physical Adsorption Separation of certain substances by physically Nutrients, chemical
treatment immobilizing them onto an adsorbent compounds, metals
Coagulation Agglomeration of particles into flocs to facilitate Organic solids,
and flocculation their separation nutrients, metals
Distillation Separation of substances based on boiling points Chemical
compounds
Evaporation Separation by surface vaporization of liquids Organic solids,
below their boiling point nutrients
Extraction Separation of substances based on their relative Nutrients, metals,
solubility in different immiscible liquids chemical compounds
Irradiation Disinfection method to Kkill off pathogens using Potential high-
ultraviolet rays quality water
Precipitation Formation of a solid precipitate due to a Nutrients, metals,
change in physical conditions (temperature, chemical compounds
concentration)
Freeze Freezing (crystallizing) water to facilitate the Organic solids,
concentration removal of other compounds nutrients
Stripping Separation of volatile components from a liquid Nutrients, chemical
stream to a vapor stream compounds
Absorption Separation of certain compounds by uptake into Nutrients, metals,
another chemical compounds
Chemical Electrolysis Separation of ions using membranes and direct Nutrients, metals,
treatment electric current chemical compounds

Ion-exchange
Oxidation/
reduction

Precipitation

Scrubbing

Removal of dissolved ions from a solution by
replacing them with ions of similar charge
Removal of organic and inorganic substances
through oxidation reactions

Formation of a solid precipitate due to chemical
reactions

Removal of substances from a gas stream using a
liquid solution. Often applied following stripping

Nutrients, metals,
chemical compounds
Potential high-
quality water
Nutrients, metals,
chemical compounds
Nutrients, chemical
compounds

(Continued)
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Table 2.12 Conventional processes applied to industrial wastewater treatment and the main potential recoverable
resources. (Continued)

Process Process Description Main Potential
Type Recoverable
Resources
Biological Aerobic Breaking down of organic contaminants Organic solids,
treatment treatment and conversion of nutrients by aerobic nutrients
microorganisms
Anaerobic Breaking down of organic contaminants Energy, organic
treatment and conversion of nutrients by anaerobic solids, nutrients
microorganisms
Nitrification/ Conversion of ammonia-nitrogen and nitrate- Organic solids
denitrification nitrogen to dinitrogen gas using anoxic and
aerobic systems operated in series
Thermal Gasification Thermal degradation with a controlled amount of Energy, chemical
treatment oxygen. No combustion compounds, organic
solids, nutrients
Incineration Combustion of organic substances Energy, inorganic
solids (ash),
nutrients, metals
Pyrolysis Thermal degradation in the absence of oxygen. Energy, chemical
No combustion compounds, organic
solids, nutrients
Thermal Thermal treatment at high temperature and Organic solids,
hydrolysis pressure to improve organic matter for anaerobic nutrients

digestion

2.5.1 Nutrients

As noted in section 2.3, inorganic substances, notably nutrients, are among the main contaminants of
industrial wastewaters. These nutrients, such as nitrogen (N), phosphorus (P), and potassium (K), are
the major plant nutrients used as fertilizers throughout agriculture to stimulate plant growth. Given
the vast amount of the nutrients used as fertilizer, it is evident that recovery of this type of products
is absolutely necessary to ensure global food production without further disrupting the worldwide
ecosystem. Benefits are not only derived from alternative production of N and P, diminishing the
impact associated to fossil resource use on climate change, but also from lessening dependence on the
limited supply of certain commodities and increasing food security, all of which warrant maximum
resource recovery. Indeed, the global supply of some nutrients such as potassium and phosphorus is
mainly produced in a few countries (China, Morocco, USA, Canada, Russia, Belarus) (USGS, 2020),
requiring extensive exportation to international markets. The ability to recover these nutrients at a
local level can therefore be of extreme benefit, both to the environment and in creating a local and
sustainable nutrient supply chain.

Beyond the three major macronutrients (N, P and K), industrial wastewaters can also be rich in
three other important macronutrients that can serve as fertilizers: sulfur, calcium and magnesium.
A specific hot spot is regeneration of water softening or reverse osmosis brines. Common processes
used to recover nutrients include absorption, adsorption, electrolysis, extraction, ion-exchange,
precipitation, and scrubbing (Table 2.12). Furthermore, processes such as anaerobic digestion,
composting, gasification, pyrolysis, and incineration can be used to recycle certain nutrients, allowing
for their recovery in downstream processes (Walling et al., 2019). For example, phosphorus can be
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Figure 2.5 Three main recovery applications for industrial wastewater.

recovered from incineration ash through chemical extraction, while nitrogen can be recovered from
the remaining liquid (digestate) after anaerobic digestion through stripping and scrubbing (Walling
et al., 2019).

2.5.2 Metals

A number of used water flows from the metal processing or metals finishing industries will contain an
array of different metals and heavy metals that, up until now, are processed towards disposal of the
metals after a chemical treatment converting the soluble metals to a sludge separated from the treated
used water. Alternative techniques such as extraction, adsorption, or ion exchange, could be applied to
recover these metals.

Indeed, as is the case for phosphorus, some metals can be recovered from incineration ash (Syc
et al., 2020). There is also a growing interest in metal recovery from various industrial wastewaters,
especially mining and metal processing wastewaters (section 2.3.4). This has mainly been explored
through a combination of biological, membrane (filtration), and precipitation processes, with particular
focus on the biological sulfate-reduction process (Gémez & Lens, 2017; Huisman et al., 2006; Kumar
& Pakshirajan, 2021; Weijma et al., 2002). This process uses microorganisms to reduce sulfate to
sulfide, producing sulfidic metal precipitates along the way, and has currently been applied at full
scale to recover metals such as copper (Cu), nickel (Ni), and Zinc (Zn) (Gémez & Lens, 2017). Further
processes that have been implemented or are being developed for metal recovery include: hybrid
membrane technologies, electrocoagulation, ion exchange, and solvent extraction (Brooks, 2018; Parga
et al., 2009). Recently, interest in recovering lithium (Li) has also been growing, especially with regard
to its recovery from the brine in wastewaters, either through sorption or evaporation. Oil and gas and
mining wastewaters are of particular interest, as well as wastewaters from battery recycling (Kim et al.,
2018; Kumar et al., 2019; Park et al., 2015).

2.5.3 Chemical compounds

Depending on the industry, there can be an interest in extracting molecules such as hydrocarbons and
organic acids from wastewater, often using extractive or transformative processes. A classic example
of a transformative pathway is fermentation (anaerobic biological process), which is commonly used
to obtain acids or alcohols from organic matter, notably ethanol and lactic acid. The process can also
be used to obtain lipids, proteins, and/or biopolymers. Ethanol can serve as a chemical precursor or
reagent for many processes, or as a source of clean energy, while lactic acid is used throughout food,
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cosmetic, and pharmaceutical industries in a wide variety of roles (Walling ef al., 2019). To generate
good yields of ethanol or lactic acid, substrates with high sugar or starch concentrations are needed.
Therefore, food processing industries can be of particular interest, given the sugars and starch found
in fruit and vegetable residues. Corn and potato starch wastewaters are good examples of flows that
have been targeted for fermentation, while other products, such as bioplastics and lipids, can also be
targeted (Xue et al., 2010). Pulp and paper wastewaters can also be rich in starch, but the presence
of complex molecules such as cellulose, hemicellulose, and lignin can require pretreatment to render
these complex sugars accessible before fermentation.

If fermentation is not viable, either for technical or economic reasons, processes such as gasification
and pyrolysis can be used to obtain a variety of compounds. Beyond applying these technologies to
recover energy through hydrogen (H,) and methane (CH,) generation (alongside a large variety of
energetic co/by-products), organic compounds can be formed through the thermal transformation
pathways. One such example is the use of gasification to produce dimethyl ether and/or methanol
from black liquor (Kraft wastewater, discussed in section 2.3.3) (Ekbom et al., 2003; Naqvi et al.,
2010b). Furthermore, a portion of the significant sulfur found in black liquors can be converted to
hydrogen sulfide (H,S), which can then be sent to a Claus process for desulfurization and recovery of
elemental sulfur (and carbon dioxide). The sulfur can then be reused in the pulping process. However,
work still remains before gasification can be used as a reliable recovery technique for sulfur recovery
from pulp and paper liquors (Hruska et al., 2020; Naqvi et al., 2010a).

Non-transformative pathways can also be used to recover compounds already present in
wastewaters through a variety of chemical or physical processes (Table 2.12). As discussed in section
2.3.5, wastewaters from the oil and gas sector contain high levels of organics and sodium, making
them strong targets for compound recovery through processes such as evaporation for sodium, or
extraction, filtration, and distillation for hydrocarbon recovery. Chemical recovery from black liquor
is also of interest. We previously discussed the potential to recover energy and methanol from these
pulping wastewaters (section 2.3.3), and many other recovery alternatives exist. One such example is
the recovery of lignin from pulp and paper liquors. The lignin can then be available to use as an energy
source, while current research is also exploring the prospects of using lignin to produce carbon fiber
(Akpan, 2019).

2.5.4 Stabilized organic biosolids

To maintain a healthy and arable soil, maintaining soil organic matter content is crucial. Intensive
agriculture tends to deprive arable soils of this essential component. Processed organics, such as
biosolids from anaerobic digestion and composting, have a high added value in providing the necessary
stable carbon to build up soil organic matter. These processed organics are obtained following all
mechanical processes, given that these generally aim at separating solid and liquid phases, as well as
certain physical processes, such as evaporation and freeze concentration, which leave behind solid
organic fractions. However, to be able to apply these solids to land as soil amendments and organic
fertilizers, these biosolids must meet specific criteria regarding pathogen elimination and heavy metal
and toxic compound limitations. As such, the solids obtained from the above-mentioned processes
are often further processed through biological or thermal pathways to meet regulatory restrictions.
These treatments can involve aerobic processes (such as activated sludge treatments and composting),
anaerobic processes (such as fermentation and anaerobic digestion), and/or thermal processes, as
detailed in Table 2.12.

2.5.5 Water

Water is an extremely valuable resource, representing a major cost for both acquisition and proper
disposal. Therefore, water recovery is an important part to any industrial process design. Water can
be reused at different levels depending on the required level of quality. A major distinction can be
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made between reuse after partial purification by either degrading or extracting pollutants from the
used water, which would account for a low-grade quality reuse. High grade quality reuse typically uses
reverse osmosis as a final treatment step to generate circular water that can be reintroduced in the
main production process.

2.5.6 Energy

The final major resource is energy. Energy recovery form industrial wastewaters can take two main
forms: (1) indirect recovery of the calorific potential from the substances found in the waste streams,
and (2) direct recovery of energy from the flow through heat transfer. Indirect energy recovery from
the substances in the waste is related to the transfer of energy rich chemically reduced equivalents,
contained in the organic substances, towards a uniform energy vector with different possible
applications. Multiple processes can be used to recover this energy, including incineration, anaerobic
digestion, fermentation, gasification and pyrolysis, while emerging technologies are continually being
investigated and deployed to further recover energy rich compounds. One such example is the recovery
of fat from sludges through air flotation, providing a great substrate for heating or as a co-substrate
for anaerobic digestion (Fields ef al., 2020). The alternative of direct energy recovery by heat transfer
(e.g. using heat exchangers) is a well-known field with technology and design considerations that are
common knowledge.

2.5.7 Symbiotic resource recovery

Finally, it must be remarked that, with regard to resource recovery, the operational spectrum should
not focus strictly on reuse for a given individual company. The exchange of recovered resources
between different companies within each other’s vicinity is also a viable model, which can constantly
be adapted to the alternating needs of the companies involved. One such example is the Kalundborg
Symbiosis, which is a major project in Kalundborg, Denmark, involving 12 different companies
constantly exchanging resources, including energy, chemicals, and waters of various qualities.

This more holistic approach to resource recovery is extremely important. It requires going
beyond a focus on a specific part of a process or even the whole process chain itself. Instead,
it looks further to work toward optimizing resource flows across the local surroundings. A
solution that is optimal for one plant can be completely unfeasible for another, despite apparent
similarities. For example, ammonium sulfate, which is often recovered via stripping and absorption
with sulfuric acid with the intention to be used as a fertilizer, could possibly be of more interest
locally as a chemical reagent, depending on the situation. Indeed, ammonium sulfate is used
in a variety of industries, including the manufacture of chemicals, dyes, flame retardants, and
laboratory chemicals. Therefore, one could imagine an industrial park where one plant is seeking
to recover its nitrogen. Agricultural lands are far away, meaning that transporting ammonium
sulfate as a fertilizer would be costly, as it would either require inefficiently transporting a large
amount of liquid over long distances or the crystallization of the ammonium sulfate. However,
a nearby chemical manufacturer requires large quantities of ammonium sulfate, presenting a
fantastic avenue for local recovery and valorization. Further symbiosis and local integration could
be achieved if another local industry generates sulfuric acid, given that it is a common industrial
byproduct. Indeed, flue-gas desulfurization is often used to generate high quality sulfuric acid from
gas emanating from the combustion of fossil fuels or wastes. Furthermore, recovering nitrogen
through the pathway of stripping and scrubbing is not only limited to the production of ammonium
sulfate, but can be used to produce a variety of ammonium salts, depending on the acid used in the
scrubbing process. Therefore, there can be flexibility in developing a resource recovery process.
This flexibility was also highlighted earlier when discussing the opportunities of transformative
technologies such as fermentation and gasification.
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2.6 CHAPTER SUMMARY

In this chapter, we have explored the sources of industrial wastewater, the contaminants that are
found within these waters, and the value and potential of recovering some of these contaminants
as resources. Particular detail was given to select industries, highlighting how process and sector
dependent these waste flows are. Examples include high organic matter contents generated by the
food and beverage sector, the presence of tinctorial compounds and associated heavy metals in
the textile industry, the massive wastewater generation and dissolved solid and ions from oil and
gas production, and the dominance of chemical manufacturing in inorganics release, among many
others. Following this, a plethora of wastewater treatment processes were presented, with notable
emphasis on the recovery of resources, including nutrients, energy, chemical compounds, organic
matter, metals, and water itself.

Overall, the takeaway message of this chapter is that industrial processes are a major contributor
to global water consumption and wastewater generation, and their proper management is therefore
critical. These wastewater flows represent a rich and valuable source of resources that should be
targeted for recovery. It is important to remember, however, that the compositions of these flows are
as unique as the processes that make them, as highlighted throughout this chapter. Therefore, when
exploring, developing, and implementing industrial resource recovery processes, it is important to
know the characteristics of the flows being assessed, given that they can render certain alternatives
completely infeasible, while making others more attractive. Resource recovery from industrial
wastewaters is a paradigm: resources can be found in any waste flow, and the key to the development
and implementation of appropriate recovery approaches relies on openness, creativity, and awareness
of the tools and techniques (processes) that are available. Indeed, what can seem farfetched to someone
in one field or industry can be commonly known and applied in another, strengthening the need to
learn and share to build a more sustainable future.

Following this chapter, you should have developed an understanding of the interest in recovering
resources in industry, both from an economic and environmental perspective, and you should be able
to answer the following:

+ How important is industrial wastewater generation throughout the world?

«  What industries primarily contribute to this generation?

- How and why is the generation of industrial wastewater variable from region to region?

+ What contaminants are found in industrial wastewaters?

+ How do wastewaters from various industries compare to one another?

« What is the reason for differences in wastewater composition within and between industries?
« What resources can be recovered from industrial wastewaters?

« Why recover resources from industrial wastewaters?

- What processes can be used to recover resources from industrial wastewaters?

2.7 EXERCISES

Exercise 2.1: A dairy producing industry fabricating 2000 L of milk per week (no cheese) is looking
for ways to improve its wastewater management. How much wastewater is produced on average by the
company over a year? Assuming that half of this wastewater flow comes from fluid milk processing,
how much BOD, COD, and TSS is generated at this site over a year?

Exercise 2.2: Compare and discuss the mass loads of BOD, COD, TN, TP, TS, and pH across the
following industries:

(1) Dairy industry
(2) Wood-related industries
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(3) Textile and leather
(4) Oil and gas production and refining

Exercise 2.3: What resources could be recovered from pulp and paper industrial sludge? What
conventional technologies could be applied that would allow to recover these resources, all while
treating the sludge? What compounds could hinder recovery?

Exercise 2.4: Which of the following steps involved in the manufacturing of bleached pulp are
responsible for the highest and lowest generation of BOD and TSS: assuming that wood preparation
generates 300 L/s of wastewater, pulping produces 150 L/s of wastewater, and bleaching produces
550 L/s (assuming average values for BOD and TSS concentrations).

Exercise 2.5: A citrus processing plant processes 10 tons of citrus per day, how much wastewater
would this process generate annually? What would the yearly BOD production be? How much
nitrogen could be expected (low and high, yearly, estimates)? Is this process of interest for energy
and/or nutrient recovery?

Exercise 2.6: Maximum sulfate levels for discharge of wastewaters vary, ranging up to 1000 mg/L,
while the standard for drinking water recommended by the World Health Organization is 250 mg/L.
Treatment and recovery processes for sulfate include both chemical and biological pathways, such
as precipitation and reduction by sulfate-reducing bacteria. Of the industrial wastewaters presented
throughout this chapter, which ones would require consideration of sulfates during their treatment?

Exercise 2.7: Wastewater from an industrial process is characterized by a BOD and COD in the
orders of 10?2 and 103> mg/L, with a pH ranging from low acidic to slightly alkaline. This wastewater
is also noted as having a significant load in sodium, chloride and heavy metals, notably copper and
chromium, while nutrient content (TKN and TP) is low. What process does this water stem from?

Exercise 2.8: The major macronutrients recovered from wastewaters for reuse in agriculture are
nitrogen, phosphorus, and potassium. What are three other macronutrients that can be recovered
from industrial wastewaters and which of the industrial sources and processes presented throughout
this chapter could prove interesting for recovery of some of these nutrients?

Exercise 2.9: What compounds, if any, could be of interest to recover in produced water emanating
from oil and gas wastewater?

Exercise 2.10: What type(s) (mechanical, physical, chemical, biological, thermal) and process(es) do
the following descriptions relate to:

1) Conversion of COD into energy by microorganisms in conditions without oxygen.

) Recovery of water and removal of contaminants by vaporization at ambient temperatures.

) Conversion of COD into energy at high temperatures and in the presence of oxygen.

) Recovery of particulate matter, such as organic solids, based on size using membranes.

) Immobilization of contaminants onto a surface based on their ionic charge.

6) Separation of compounds based on differences in freezing/boiling points.

7) Recovery of phosphate and ammonium by addition of magnesium to form struvite
(NH,MgPO,-6H,0).

(8) Recovery of energy, biosolids and biooil at high temperatures without oxygen.

(9) Agglomeration of particles into flocs and separation based on size or density.

(10) Recovery of stripped ammonia (gas) using sulfuric acid (H,SO,) to form ammonium sulfate,

(NH,),S0,.
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2.8 DISCUSSION QUESTIONS

Question 2.1: An industrial park is willing to improve its resource management. The park is
composed of 10 industries (four food and drink industry, two mining industry, four power generation),
each producing various types of effluents that are currently treated by conventional methods. You are
recruited as an engineer to improve the overall resource management of the industrial park, all while
reducing conventional treatment costs. What data or information will you collect from each industry?
What management approach will you apply? What criteria will your choices be based on?

Question 2.2: A progressive food processing industry driven by environmental regulations wants to
improve its overall sustainability. It currently produces significant amounts of solids (sludge) through
conventional treatment of its wastewaters. These sludges are currently being landfilled. Nutrients are
biologically treated through nitrification-denitrification to transform nitrogen into nitrogen gas that is
released into the atmosphere, all while producing biological sludge. Phosphorus is being precipitated
as an aluminium phosphate sludge. You are asked to provide a presentation to the board of directors,
indicating the current practice and the flows that could potentially be recovered. You are also asked
to provide motivations for why resources should be recovered, as well as general considerations that
will define the technico-economic feasibility of resource recovery.

Question 2.3: A wood-related industry is willing to install a production site in a dense city with about
900 000 inhabitants. You work as a wastewater engineer for the city and are asked to evaluate the
health and environmental risks associated to the installment of such industry in the city. Provide a
table with the potential risks and potential solutions to circumvent these risks (if any).

Question 2.4: All of the wastewater characterizations shown throughout this chapter have been
variable, sometimes ranging by multiple orders of magnitude for a single compound within a process.
As an engineer potentially tasked with conceiving processes around such variability, how would you
circumvent or take into account this uncertainty?

Question 2.5: The recycling and recovery of industrial wastewaters within industry has been
undertaken for decades now and is an integral part of process design. However, as our society
transitions towards circular economies and resource recovery becomes ever more present, recovered
resources such as nutrients are now making their way into agricultural fields and residual biomass
is being used to produce energy. This can lead to potential issues with adoption of these products
due to the lack of social awareness or societal acceptance. What reasons or risks, be they real or
perceived, can lead to someone being opposed to the recovery and reuse of products derived from
industrial wastewaters? Are these reasons justified?

Question 2.6: Beyond the technical feasibility of recovering resources, what other considerations
must be taken into account?

Question 2.7: What industries that you are aware of could potentially present an interesting avenue
for resource valorization? What resources could be recovered, how feasible would this be, and how
would you go about it?

Question 2.8:Based on Table 2.12, how would you describe, in your own words, the differences
between the various types of treatment and recovery processes (mechanical, physical, ...)?

Question 2.9: An industrial wastewater treatment process is applying anaerobic digestion to treat
their wastewater. During this process, a significant amount of nitrogen in the wastewater is converted
to ammonia, which is then sent to an ammonia stripping and scrubbing section to recover ammonium
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sulfate (H,SO,). The ammonium sulfate can either be crystallized and distributed as a solid, or left
in solution; what benefits could each alternative offer and how could this ammonium sulfate be
valorized?

Question 2.10: You are tasked with conceiving the wastewater treatment process for a mine in a very
isolated area. Knowing that access to resources such as chemical reagents can be very costly, given
large shipping and storage fees, how would your design take this reality into consideration? Are there
any treatment and recovery processes that you might initially be drawn to consider? Why?
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3.1 INTRODUCTION

Cost-effective, reliable production and safe transportation of high-quality drinking water through a
comprehensive distribution network is one of the pillars of modern society that has enabled mankind
to live in densely populated cities. The greatest acute health risk when consuming contaminated water
are waterborne pathogens that can lead to outbreaks of diseases which in extreme cases can result in
death and can affect a large proportion of the community (Baldursson & Karanis, 2011; https://www.
un.org/sustainabledevelopment/water-and-sanitation/). In addition to the safety of drinking water
from a human health perspective, drinking water needs to be of a high ‘aesthetic’ quality in order to
gain full consumer acceptance. Important aesthetics aspects include appearance, that is off-tastes,
odors and staining (Hargesheimer & Watson, 1996). Considering the vital role of providing safe
drinking water to our society, it is not surprising that significant efforts have been made to develop and
design regulations and guidelines that offer an authoritative reference on: (i) what defines ‘safe and
good quality’ water, (ii) how it can be achieved, and (iii) how this can be ascertained. The difference
between regulations and guidelines is that the first are maintained directives while guidelines are
non-mandatory standards. It should be noted that the nature and form of regulations and guidelines
varies among countries and regions. Similarly, and somewhat surprisingly, there is no recognized
standard that jurisdictions follow in adapting existing knowledge to their own regional context. Often
this results in different safe values proposed for water quality parameters in different jurisdictions.
To ensure drinking water of good quality, the treatment process generally consists of a multi-
barrier system. Its function must continuously be maintained as well as that of the clear water
storage and reticulation mains. Distribution mains can be located underground or above the surface.
While colder climates try to avoid freezing by burying the mains, warmer climates lay water mains
above the ground. It is generally assumed that warmer waters increase the necessity for maintaining
a disinfectant residual during distribution. While the primary goal of water treatment is first and
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foremost to produce high-quality drinking water, we will discuss here whether this can be achieved
with concomitant recovery of resources.

While resource recovery from water has gained a lot of momentum in recent years, one often
associates this with recovery of materials and resources during the treatment of domestic and/or
industrial wastewater. In comparison, resource recovery from drinking water treatment plants has
attracted less attention. However, there are plenty of resources to be recovered during the production
of drinking water and/or during water recycling operations. In fact, resource recovery of residuals
from drinking water treatment has some advantages compared to recovery of resources from domestic
wastewater. The presence of pathogens, toxic metals, and microbial contamination in domestic
wastewater often comes with regulatory hurdles and issues around public/customer perception and
market acceptance. Certainly, technological advancement in the last decades have made it possible to
overcome these quality and regulatory issues and have allowed us to recover resources from wastewater
at such qualities that in some cases the quality exceeds that of virgin raw materials. Nevertheless,
the importance of public/customer perception and market acceptance is something that cannot be
underestimated. One can imagine that recovering products from drinking water seems something that
could more easily gain full consumer acceptance.

3.2 LEARNING OBJECTIVES
At the completion of this chapter you should be able to:

« Describe water treatment and drinking water consumption and explain its potential opportunities
for resource recovery.

- Describe key resources present in various sources for drinking water production that can be
recovered; that is surface water, ground water, sea water and reclaimed water.

+ Describe the key resources that can be recovered during the production of drinking water that
are added during the water purification process.

« Understand the differences between resource recovery from wastewater and drinking water
production in relation to product quality, regulatory hurdles and technology requirements.

- Understand the importance of the non-technological aspects such as creating a strong stakeholder
community, effective communication and market/customer acceptance.

3.3 MAJOR SOURCES FOR THE PRODUCTION OF DRINKING WATER

There are four major sources used for drinking water production, namely surface water, ground water,
seawater, and reclaimed effluent from wastewater treatment plants. Surface water sources can be
lakes, reservoirs, rivers, streams or ponds. Treated effluent from wastewater treatment plants which
would normally be discharged to the receiving environment can be further treated using advanced
technologies to produce water at (or even) exceeding drinking water quality (see Chapters 4 and 18 for
more detail). High quality (recycled) water exceeding drinking water quality is often used in industrial
applications such as ultra-pure water for cooling towers in power plants or in high tech industry.

Depending on the geological location of the water treatment plants the predominant source of
water used will be different (Figure 3.1). For example, due to its dry climate and limited supply of
fresh water, about 40% of the drinking water produced in Israel comprises desalination of seawater
and saline groundwater (Feitelson & Rosenthal, 2012). On the other hand, European countries like
France, Netherlands and Germany produce as much as 70% of their drinking water from groundwater
while Australia and Canada mainly rely on surface water from rivers, reservoirs and lakes. In
addition, substantial regional differences within countries exist. A good example is China, where 70%
of the national groundwater reserves are located in its southern part, generating a distinct regional
imbalance (Liu & Zheng, 2016).
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Figure 3.1 Distribution of the different water sources used for the production of drinking water (2014) (http:/
waterstatistics.iwa-network.org/).
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Figure 3.2 Water delivered to households and small businesses in 2014 in million m3 per year, adapted from (http:/
waterstatistics.iwa-network.org/).

In general, centralized water treatment is applied in major urban areas and in most parts of the
developed world. This means source water is treated at a centralized treatment plant and then delivered
to consumers through a pressurized distribution system. Centralized treatment plants in major urban
areas produce up to several hundred thousand m? of drinking water per day. One could imagine that
such a large scale and centralized production of drinking water in general has a beneficial impact
on the potential of resource recovery due to the economy of scale. Figure 3.2 shows the volumes of
water delivered in different countries per year (note: this should give a good indication on the national
resource recovery potential of the countries listed). In 2016, the USA delivered the most drinking
water to households and small businesses (no data available on water consumption of the industrial
sector) with ~35 billion m3. China, with a four times greater population, only produced 21 billion m3,
while European countries, including Germany and France, delivered between 3.2 and 3.5 billion m3.

3.4 CURRENT PRACTICE IN WATER TREATMENT

In this paragraph, the most commonly used treatment processes for drinking water production are
described. It is evident that the type of process selected depends on the desired production capacity
and the characteristics of the water source used. It is not the aim of this chapter to discuss each process
in detail, but rather to provide the reader with a general overview of these processes in relation to
their resource recovery potential. To obtain in-depth process understanding, we refer the reader to
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textbooks where these treatment processes are discussed in great detail (Crittenden & Borchardt,
2012; Edzwald, 2010).

3.4.1 Coagulation-flocculation-sedimentation

For the coagulation process a variety of chemicals can be used. However, the vast majority of treatment
plants uses either iron or aluminum-based salts as base coagulant (Pikaar et al., 2014). A typical
dosage ranges from 10 to 150 mg/L for aluminum sulfate (Al,(SO,);-14H,0), 10-250 mg/L for ferric
sulfate (Fe,(SO,);-9H,0) and 5-150 mg/L for ferric chloride (FeCl;-6H,0) (Crittenden & Borchardt,
2012). The chemical dosing requirements are obviously dependent on the raw water quality in terms
of alkalinity, turbidity, color and natural organic matter load. The coagulation process contributes
the major load of the solid water treatment residuals containing either aluminum or iron oxides
‘polluted” with organic matter (i.e., mainly humic and fulvic acids), clay, silt, colloidal material, and
microorganisms with other chemicals employed in the process such as a diversity of flocculants
(Crittenden & Borchardt, 2012). The vast majority of these solids are then separated in a clarifier
and gathered by the sludge removal system. Sometimes powdered activated carbon (PAC) is applied
for the control of taste and odor compounds as well as for the sorption of emerging contaminants,
which then ends up in the solid waste as well. Another source of solids is from the regular backwash
of rapid media filters that further treat the effluent of the clarifier. Besides carry-over from the clarifier,
solids generated by the addition of filter aid polymers and/or the oxidation of manganese and iron to
insoluble forms accumulate on the filter and result in a relatively large volume of residual produced
in a short time.

3.4.2 Lime-soda ash softening

Lime-soda ash and pellet softening are common methods used to reduce the hardness of source waters
by precipitation that also produces a solid residual stream. These processes are preferred in waters
high in calcium and magnesium where also heavy metals and radioactive elements like radon may be
removed. Lime-soda ash is a precipitative process that typically includes coagulation, flocculation, and
sedimentation applying quicklime (i.e., CaO(s)), or hydrated lime (i.e., Ca(OH),). Sodium hydroxide is
used when at least half of the calcium hardness is carbonate hardness. An alternative to coagulation-
flocculation-sedimentation is pellet softening. At the core of this technology is a column type reactor
filled with fine sand. In this process, the water is fed through the column filled with sand at fairly
high up-flow velocities, normally ranging between 60 and 100 meter/hour, creating a fluidized bed
reactor operation. Caustic soda is added (and rapidly mixed) at the bottom of the column in order to
almost instantaneously elevate the pH of the water to ~8.5, causing crystallization of the calcium (and
magnesium) in the form of calcium carbonate (calcite) onto the sand, making the grains grow into
pellets of about 1 mm, which is when they become obviously heavier, are less efficiently fluidized and
subsequently removed and substituted with fresh sand. Note that the softened water often requires
re-carbonation in order to restore the total carbonate concentration as well as to lower the pH.

3.4.3 lon exchange

During drinking water treatment ion-exchange resins are primarily used for water softening (i.e.,
removal of calcium and magnesium and enhanced removal of organic matter to reduce disinfection
by-product formation and lower their coagulant and total oxidant demand. A saline solution (i.e.,
normally NaCl as it is a cheap and readily available bulk product) is used to regenerate the resins and
produces highly concentrated brine containing the target pollutant, organic acids, sulfate, bicarbonate
and chloride (McAdam & Judd, 2008).

3.4.4 Membrane filtration
Membranes are a physical barrier to remove dissolved solids and particulates. There are different
classes of pressure driven membranes, classified by their pore size, including microfiltration (MF),
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ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO), as described in detail elsewhere
(Crittenden & Borchardt, 2012). MF and UF are typically used to remove pathogens and solids from
their feedwater. Sometimes they also provide pre-treatment before NF or RO processes. MF and UF
are generally operated in a dead-end configuration and periodic backwashing, normally every 30-60
minutes, is applied in order to minimize the build-up of particles/organics onto the membrane surface.
The latter produces a residual stream containing chlorine and organics. On the other hand, RO and
NF membranes, which are characterized by much smaller pore sizes, should rather be imagined as
dense polymer layers with material-free void spaces in the separation layer of the thin-film composite
membrane. They are often used for brackish and seawater desalination, resulting in a highly saline
residual stream that is continuously produced, often referred to as the concentrate. Concentrate
streams typically range from 10% to 30% for brackish and from 45% to 60% for seawater desalination
of the feed volume. Those membranes also find application in water reuse to provide a barrier for
viruses in addition to reducing salinity or micropollutants.

To protect the membranes from biofouling, commonly hypochlorite/chlorine or chloramines are
added to the feed. Since chlorine in solution can damage the polymer membranes, sodium bisulfite is
typically used to reduce chlorine in larger RO systems as it readily reacts with any residual chlorine
to form sodium sulfate that ends up in the concentrate stream. Moreover, depending on the pH and
hardness level of the water source used, pH correction with acids and added anti-scalants can be
employed in order to maintain operation at a constant membrane pressure. Anti-scalants are a family
of chemicals designed to inhibit the formation and precipitation of crystallized mineral salts that form
scale. In addition, potentially added dispersants are polymers designed to inhibit the agglomeration
and deposition of foulants onto the membrane surface. Foulants include inorganic metal oxides and
hydroxides, polymerized silica, organic/inorganic colloids, and organic and biological matter. RO and
NF membranes typically also require regular acid and base cleaning, which results in the generation
of residual acidic or alkaline streams.

3.5 WHICH RESOURCES CAN BE RECOVERED?

Table 3.1 provides a summary of resources that can be recovered at drinking water treatment plants
using commonly applied treatment processes. Note that a clear distinction can be made between
the resources naturally present in the water sources and the resources (i.e., mostly chemicals) that
are added during the treatment processes. As shown in Table 3.1, depending on the drinking water
treatment process applied, there are various waste streams being produced, which are generally
referred to as water treatment residuals (Cornwell & Roth, 2000). In a conventional water treatment
plant as much as 3-5% of the plant influent can end up as solid, semisolid, and liquid residuals
(Crittenden & Borchardt, 2012).

A schematic representation that provides a clear and holistic overview of the different material flows
and their relative importance in terms of input and output is a so-called Sankey diagram (see Figure
3.3). The widths of the arrows are proportional to the mass flow of the different inputs and outputs
added and produced during the production of drinking water. The example in Figure 3.3 depicts the
average material flow of 20 drinking water production facilities using ground water as their source
water for the year 2018 (personal communication, AquaMinerals 2018). Note that in the diagram the
input in terms of assets like the distribution network are also included, often not considered in the
context of recovery/recycling. The difference in input and output (i.e., output exceeds input) may be
somewhat confusing but can be attributed to, for example, replacement of heavy old concrete/cast
iron pipes to PVC as well as a temporary peak in final disposal of ‘end-of-service life’ infrastructure.

As depicted in Table 3.1, a wide variety of residuals is produced during the production of drinking
water. It is important to realize that both the quantity of these residuals generated as well as the quality
in terms of their purity and product strengths depends on both the treatment process applied and water
source used. This is of crucial importance when trying to link the recovered resources with the market
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Figure 3.3 Sankey diagram of the material flows for drinking water production from ground water. The figure
describes the average from 20 drinking water production facilities in the Netherlands for the year 2018 (photo
courtesy: Aquaminerals).

demands and requirements. Moreover, especially in more moderate climates like part of the USA and
Europe, there are also seasonal effects that affect the composition of a water source. In the warmer
summer months, surface water often contains higher concentrations of natural organic matter, which
results in a higher chemical coagulant dosing and thus increased sludge production. The difference
in source water quality is important as there is evidently a strong correlation between the type,
concentration and overall volume of residuals produced during the treatment processes and the quality
of the source water. When the source water has a high load of contaminants, removing them leads in
general to a larger quantity of residuals; mainly due to an increase in chemical dosing requirements
to meet the required drinking water quality (i.e., drinking water production still heavily depends on
the addition of chemicals). A good example to illustrate this is to compare the residual production rate
using ground water and surface water as water source. The almost universal presence of suspended
solids (and natural organic matter) in surface water, which is almost negligible in groundwater, induces
higher coagulant dosage leading to rather large volumes of coagulation sludge. In a similar context,
one could imagine that the amount of residuals produced during treatment of municipal wastewater is
substantially higher due to the higher load of pollutants in the untreated sewage. Indeed, for example,
for the Dutch situation, approximately 0.68 kg wet residual is generated per treated m> of municipal
wastewater (http://statline.cbs.nl/) versus on average only 0.17 kg wet residual per m® drinking water
produced from ground and surface water (personal communication, AquaMinerals 2018).

Regarding potential resources that can be recovered (Table 3.1), it is very important to realize
that these resources often contain other impurities that in some cases need to be removed prior to
beneficial reuse of the target resource. This depends on both the type and concentration of these
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Table 3.2 Properties and product characteristics of resources recovered from water residuals and their potential
end-use.

Residual Color Morphology/ Main Elemental Other Substances/ End-use/Market
Structure Component Contaminants Segment
Calcite pellets White- Round CaCOy Fe, organic matter,  Glass, carpet, agriculture,
Brown pellets Mn, Si feed, cosmetics, reuse
in drinking water
production, concrete
(tiles), steel production
Lime sludge White- Dewatered/  CaCOs Fe Soil improvement,
Brown dried sludge construction
Iron-rich Brown- Dewatered/  Fe(OH);/Fe,O;  Mn, As Soil amendment,
sludge Red dried sludge construction industry,
(produced sulfide control in sewers
through and digesters, constructed
ground water wetlands, P-removal
aeration) surface water, As-removal
drinking water
Iron-rich Brown Dewatered/  Fe-complexes Various Soil amendment,
coagulation dried sludge = Organic matter construction industry,
sludge Clay constructed wetlands, raw
material for clay brick and
cement production
Alum-rich (dark-) Dewatered/  Al-complexes Various Soil amendment,
coagulation Grey dried sludge  Organic matter construction industry,
sludge Clay phosphate removal,
constructed wetlands
cement production, alum-
industry (melters)
Brine Colorless- Liquid H,OSalt N, S Reuse of the salt for
Yellow regeneration of the resin
Humic-/ Yellow- Liquid- C-complexes Salt Biostimulant for crop
Fulvic Acids Black Powder growth, additive in feed

Note that also the filter sand/gravel (from sand filter units) as well as activated carbon (from activated carbon filtration) can be
considered resources that can be recovered once they need replacement, but they are not listed in this table.

impurities and the envisaged end-use and the targeted market segment for the recovered product. Table
3.2 provides a summary of some existing end-use routes for recovery and reuse of water treatment
residuals implemented by the water industry at full scale.

3.6 CHAPTER SUMMARY

In this chapter, we have discussed the major water sources used for the production of drinking water,
namely, surface water, ground water, seawater and reclaimed effluent from wastewater treatment
plants. The most common water purification methods currently implemented by the water industry
have also been described. Furthermore, we have explained the different resources that are naturally
present in these water sources themselves as well as resources that are present in the water treatment,
residuals added during drinking water production and how and in which form (and concentration)
these resources can be recovered. Lastly, the properties and product characteristics of resources
recovered from water residuals and their potential end-use in different market segments have been
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described. Finally, we have also highlighted the importance of the volumes, concentrations and
presence of other compounds/contaminants of the recovered resources on the resource recovery and
valorization potential in various industry sectors.

3.7 EXERCISES

Exercise 3.1: In the Netherlands, some 0.17 ton (wet) residual per mega liter (ML) drinking water
produced is generated. Calculate the amount of residuals produced per year in the Netherlands
assuming a water usage per capita per day of 130 liters.

Exercise 3.2: Use the same residual production rate as in Exercise 3.1, but now calculate for the
total amount of residuals produced on a yearly basis for the USA. Note that the average water
consumption in the USA is over 400 liters per capita per day.

Exercise 3.3: Assuming an average coagulant dosing of either aluminum sulfate or iron chloride,
what would the yearly production of coagulation sludge (in dry matter) be for the Netherlands,
Australia, USA, India and China?

Exercise 3.4: Assuming an average coagulant dosing of either aluminum sulfate or iron chloride
(i.e., Al,(SO,)5-14H,0 and FeCl;-6H,0), what would the yearly production of coagulation sludge
similarly to Exercise 3.3 (in dry matter) be for two typical water treatment plant (WTP), for example
30 000 m3/day (small to medium city) and 300 000 m3/day (typical large plant).

Exercise 3.5: What are the key resources that can be recovered at drinking water treatment plants
that are either naturally present in the various sources (i.e., ground water, surface and sea water)
used for the production of drinking water as well as the resourced added to the drinking water
production process? More specifically, what are the major resources that can be recovered from the
following processes?

(a) Aeration of ground water;

(b) Coagulation-flocculation-sedimentation;
(c) Low-pressure membrane filtration;

(d) High-pressure membrane filtration;

(e) Ion-exchange.

Exercise 3.6: What are the most critical impurities in relation to the major resources that can be
recovered identified in Exercise 3.4.?

Exercise 3.7: Provide a qualitative overview of the major resources identified in Exercise 3.4 that can be
recovered from:

(@) Aeration of ground water;

(b) Coagulation-flocculation-sedimentation;
(c) Low-pressure membrane filtration;

(d) High-pressure membrane filtration;

(e) Ion-exchange.

Exercise 3.8: As discussed in this chapter, there is a clear distinction between the resources
naturally present in the water sources and the resources added during the treatment processes.
Design a scheme that provides an overview of resources added in the treatment processes and
naturally present in different water sources used.
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Exercise 3.9: A clay brick manufacturer produces 25 million bricks per year, each of them weighing
about 2 kg. The manufacturer uses 10% m/m coagulation sludge from drinking water production in
the brick production process. Let us assume that an average drinking water production site produces
7500 tonnes of sludge with a dry weight of 33.3% annually. How many drinking water production
locations need to work together to meet the demands of this manufacturer?

3.8 DISCUSSION QUESTIONS

Question 3.1 (drivers and market analysis): A city of 500 000 inhabitants is evaluating the feasibility
of providing iron-rich coagulation sludge from the its drinking water treatment plant for phosphate
removal to its wastewater treatment plant. The WWTP currently uses iron chloride for the removal of
phosphate. What data or information do you need as a basis for the feasibility analysis? What are the
key criteria that could favour the use of coagulation sludge? What are the criteria that could favor the
use of iron chloride coagulant?

Question 3.2 (regulations, health protection and economic viability): A progressive city council has
firmly anchored its ambition to implement ‘circular economy’ by the year 2030. It is considering to
apply alum-rich drinking water sludge as a soil amendment in its various parks and green areas. Its
current practice is landfilling these materials as there is no clear interest from local industry to reuse
this material and because of the uncertainty of the long-term impact on the soil quality (i.e. the soils
are quite acidic and as such there is a potential for leaching of alum in the surrounding aquifers). You
are asked to give a presentation in which you evaluate the risks and opportunities of using alum-rich
sludge as soil amendment by the city council.

Question 3.3 (technology, economy): As the innovation manager of a large water utility, you are in
charge of reorganizing the existing water infrastructure from its current situation to a more circular
approach within a timeframe of 15 years. The current drinking water treatment infrastructure
comprises two very large-scale drinking water treatment plants, with a capacity of 200 000 and
120 000 m3/day for a total of 1 300 000 million inhabitants and local industry, both of which are using
conventional coagulation-flocculation, sedimentation, filtration, and disinfection treatment processes.
In addition, it comprises about 50 smaller drinking water treatment plants with a total capacity that
equals that of the two very large-scale treatment plants. You are asked to give a presentation to the
board of directors in which you evaluate the current status and justify your masterplan. Where would
you focus on in terms of choice of resources to recover, location, and market segments/ end-uses?
What are your key considerations/motivations?

Question 3.4 (technology, economy): As discussed in this chapter, in general, centralized water
treatment using large drinking water production facilities is prevalent in major urban areas. Discuss
the implications of this in terms of the economic potential of recovery of resources with subsequent
market uptake and replication. What are the most critical non-technological aspects in order to make
a successful link with the market?

Question 3.5 (overall sustainability, social considerations): Discuss the relative importance and
impact of non-technological aspects in order to transform our drinking water infrastructure and overall
management strategy as such that it perfectly fits within the circular economy. In the same context,
discuss the importance of human behavior in relation to achieving sustainable water management in
the 21st century, for example not using a resource may be even better than recovering resources. How
can global change and resource scarcity drive the implementation of the circular economy?

Question 3.6 (economy, product quality and volumes): As discussed in this chapter, there are various
sources for the production of drinking water including surface waters (i.e. rivers, lakes, and the
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sea), ground water and spring water. Which of these sources will, according to you, provide the best
resources to recycle. In your answer discuss the purity of the recovered resources, economy of scale
and total volumes.

Question 3.7 (technology, regulation and social considerations): Discuss the similarities and differences
between resources that can be recovered from drinking water treatment plants and municipal wastewater
treatment plants. In your answer, discuss the following aspects: (semi-)public owned, mid-to long term
planning, quality and quantity, public perception and hygiene.

Question 3.8 (supply chain considerations and robustness): The supply chain of resources recovery
from drinking water production is considered to be stable and reliable in cases where the transport/
delivery of these resource is undisrupted and reliable to the end-user or processor over a prolonged
period of time. However, in practice situations can take place that cause disruption to the supply chain.
Discuss and analyze the following situations/scenarios: (i) failure or maintenance at the production
site, (ii) change of treatment steps changing the volume and/or quality of the residual, (iii) scaling the
production up or down (e.g. during a dry season or when (dis-)connecting a neighborhood or changing
the source of the water.

Question 3.9 (supply chain considerations, circular resources and end-user): Calcite can be recovered
during drinking water production in cases where a softening step is required. Calcite can be ground,
sieved and sterilized and can be re-used within the treatment process as seeding material, calcinated
calcite can be use as new quicklime for the softening process. Discuss the terms supply chain
considerations, end-user and process stability in relation to the benefits of reusing the calcite.

Question 3.10 (product quality, impurities end-user): A benefit of using ion-exchange resins for the
removal of natural organic matter (NOM) is that upon regeneration of the ion-exchange resins, a
concentrated NOM solution is generated that can be beneficially used as a biostimulant in agricultural
applications for plant growth promotion. Discuss the terms supply chain considerations, end-user
and product quality in relation to the economic benefits and practical feasibility. With respect to the
product quality, in particular discuss the potential implications of the fact that regeneration of the
ion-exchange resins is typically achieved by using a concentrated salt solution.
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4.1 INTRODUCTION

The human civilization of the 21st century is changing the Earth in ways that threaten its ability
to operate within the planetary boundaries within which humanity can continue to develop and
thrive for generations to come [1]. Water resources, water cycle and water security are challenged
by climate change, increased demand and polluted water supplies. Other global changes (e.g.,
urbanisation, changing consumption patterns, deforestation, and intensification of agriculture) add to
these challenges. According to a recent report from the United Nations [2], almost half of the world’s
population currently live in areas vulnerable to water scarcity and more than six billion people could
suffer water shortages by 2050. It is suggested that this number may be an underestimation, and
scarcity of clean water may be worse, in particular in developing countries.

To secure and preserve fresh water, a new era of water management is emerging - the era of ‘One-Water’
- where the old distinct barriers of water and wastewater are fading and where water in all of its states is
looked upon as a valuable commodity and precious resource that has to be closely monitored, accounted
for, and recycled/reused whenever possible, rather than being considered as a linear product, a waste after
use [3]. Nowadays, the water supply planning paradigm is evolving from solely relying on conventional
fresh water resources (i.e., mainly groundwater and surface water from rivers and lakes) towards building
an environmentally sustainable diversified water portfolio where low-cost, conventional water sources
are balanced with more costly but also more reliable and sustainable water supply alternatives such as
recycled or desalinated water [4]. This builds on centuries of experience in reusing water for agriculture,
often without much treatment but still adding considerable value to the water cycle [5].

Indeed, water reuse is becoming a cornerstone of sustainable water management and urban planning
and is considered to be a key chain-link of the emerging circular economy [6]. Circular economy
and rational, responsible, renewable and sustainable use of water resources are closely intertwined.
Looking beyond the current take-make-dispose extractive linear approach, a circular economy aims
to redefine growth, focusing on positive society-wide benefits by recovering and reusing resources,
thereby creating a closed loop. This is also considered one of the most efficient ways to solve another
important challenge of the 21st century - the water-energy nexus - better preserving our environment
and maximizing energy and resource recovery from wastewater [7].

© 2022 The Editors. This is an Open Access book chapter distributed under the terms of the Creative Commons Attribution Licence
(CC BY-NC-ND 4.0), which permits copying and redistribution for noncommercial purposes with no derivatives, provided the original
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It is important to highlight the enormous advances in science and technology in the last decade(s)
that have greatly contributed to the implementation of new more efficient and reliable wastewater
treatment trains. The latter has resulted in the adoption of different methods and approaches that
have created diversified safe water reuse practices [8]. Indeed, producing water from wastewater (i.e.,
often referred to as reclaimed water) of a specified (fit-for-purpose) quality to fulfil multiple water use
objectives has become a reality due to the progressive evolution of water reclamation technologies,
regulations, and environmental and health risk protection measures. Today, technically proven water
reclamation and purification technologies are producing pure water of almost any quality desired,
including purified water of quality equal to or higher than that of drinking water. A diverse portfolio
of technologies for water scarcity management is available, and such technologies range from basic
reclamation with natural systems for lower quality uses to multi-barrier systems incorporating
membrane filtration, reverse osmosis and advanced oxidation when higher quality is required.

While the focus in the past has been on technology advancement, other crucial enabling factors
have been given less attention [8]. Such enabling factors align with the three key pillars of sustainable
development: social, economic and environmental aspects of water management and reuse. For water
reuse projects, key barriers and opportunities include diverse aspects that link the technological
challenges and these three pillars. Issues include economic aspects such as water price and affordability,
social aspects related to public education and acceptance, corporate social responsibility and strategy,
policy and regulation frameworks, and environmental aspects, which are often the main drivers for
water reuse.

This chapter presents the basic principles and technologies enabling water recycling, identifies
the main lessons emerging from large projects and full-scale water reuse experiences around the
globe and illustrates how to resolve the major technical, economic, social and economic challenges
for the successful implementation of water reuse practices. Water reuse is an essential element of
water resources management, which is strongly supported by the availability of efficient and reliable
technologies, but it requires the political decision to implement it and adequate management strategies
to address the social, economic and environmental issues associated with water reuse. A specific
emphasis is given on water reuse drivers, water reuse planning, selection of ‘fit-to purpose’ water
reclamation technologies, safety (management of health, environmental, agronomic and technology
risks) and economic viability.

4.2 LEARNING OBJECTIVES
At the completion of this chapter the reader should be able to:

« Understand what water reuse means and define its role in the context of sustainable water
management and circular (water) economy.

« Describe the main drivers, challenges and benefits of water reuse.

- Explain the main steps of water reuse project development and explain how to select relevant
water reuse applications.

- Identify and characterise potential water reuse schemes.

- Select ‘fit to purpose’ treatment technologies, key design criteria and water quality parameters
to ensure safe water reuse practices.

- Evaluate key specific challenges related to economic viability, social acceptance and health or
environmental risks.

4.3 WATER REUSE AS A KEY PILLAR OF THE CIRCULAR (WATER) ECONOMY

First of all, it is important to understand the water reuse vocabulary. Several different terms are used as
synonyms to describe the beneficial use of treated wastewater such as water reuse, water reclamation
and water recycling [9, 10]. As a rule, wastewater reclamation was used in the past to indicate the
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preliminary treatment of wastewater, compared to some reuse schemes where untreated sewage or
poor-quality wastewater was used for land application [5]. Because today wastewater treatment is
becoming mandatory and the general treatment requirements are determined by the intended use
and related health risk, the produced ‘design water’ is no longer considered to be wastewater and
the term of reclamation (i.e., treating and processing wastewater in order to make it suitable for
beneficial reuse) is losing its key importance. Water recycling is selected as the most appropriate term
by regulations in some regions of the world (e.g., Australia, California) in order to reflect the notion of
treatment and circularity, that is water reuse. Moreover, other terms and concepts reflecting the water
value are emerging, such as NeWater in Singapore and One Water in the USA [3, 8|.

In the context of increasing water stress and scarcity, the most difficult challenge for long-term
sustainable development is to find alternative ways to manage water resources. The conventional linear
approach of water management is replaced by the ‘One Water’ concept of integrated management of
systems for water recovery and recycling (Figure 4.1) |7, 8]. The large investment needed for traditional
engineering practice and management of the anthropogenic water cycle (i.e., dams, wells, water
transportation, treatment and supply, wastewater collection and treatment, etc.) could be easily repaid
by the benefits from the recovery of purified water.

The long-term experience in water reuse — with recent great successes of new water reuse schemes
and applications — demonstrates that water recycling provides an important and economically and
technologically viable opportunity to augment traditional water sources [8, 10]. As a multi-disciplinary
component of water resources management, water reuse can help to close the loop between water
supply and wastewater disposal. The successful development of this alternative drought-proof water
resource depends upon close coordination of water policies and regulation, infrastructure and facilities
planning, water quality management and wastewater treatment process selection and reliability.

Vapours

Surface . Sea and
S~ brackish

water

Figure 4.1 Sustainable water cycle management based on water recycling, energy and nutrient recovery, and
efficient environmental protection.



64 Resource Recovery from Water: Principles and Application

4.4 WATER REUSE PLANNING

Water reuse planning is an iterative process following the step-by step approach of water resource
management [10]:

(1) Identifying the key drivers and objectives;

(2) Gathering background data in terms of available water resources, water demand and supply,
wastewater management, potential end users of recycled water, policies and regulations,
economics, and so on.;

(3) Defining alternatives, including water reuse;

(4) Evaluating and ranking alternatives, including risks, costs and benefits analysis;

(5) Selecting alternatives for implementation.

The key components of successful water reuse planning include not only the technical know-
how and good engineering design/practice, but also a rigorous market analysis and economic,
environmental and social considerations.

The main element to be considered during water reuse planning is a clear and comprehensive
definition of project drivers and the ability of water recycling to resolve existing problems. On the
basis of the analysis of local conditions favouring water reuse (e.g., water scarcity, water demand
projections and water supply deficit, wastewater treatment and disposal, new sewer systems, new
tourist, agricultural or economic developments, etc.) and water reuse market assessment, different
alternative scenarios will be formulated and the best solutions will be chosen by means of a multi-
criteria analysis.

The multi-criteria screening and evaluation of alternative reuse and non-reuse options of water
management typically include the following feasibility criteria [8]:

(1) Engineering feasibility, particularly the possibility for implementation of wastewater treatment,
storage and distribution systems;

(2) Health and environmental impacts, such as potential health risks and negative effects on soils,
groundwater, crops or ecosystems;

(3) Institutional feasibility, including water policy, water rights, regulations, and enforcement;

(4) Economic feasibility, especially reasonable investment, maintenance and operation costs
(Capex and Opex);

(5) Financial feasibility, including available funding and subsidies, recycled water rates;

(6) Social impacts and public acceptance, mainly support by stakeholders, end users and the
public at large;

(7) Market feasibility, including who will be using recycled water and at what conditions.

The first six criteria on the list are common for all water resources projects. The new crucial element
for water reuse is the market analysis and the identification of potential users of recycled water and
their willingness to pay and use recycled water. In this respect, the factors of public health, water
quality, adequate communication and public acceptance create additional complexity in identifying
and securing a water reuse market, which is generally not the case with freshwater supply. Social
acceptance is a great challenge which calls for innovative tools and methodologies for enhanced
public education/outreach in order to overcome critical misconceptions and concerns of health risks
and liability associated with water reuse by public officials and end users.

Water reuse planning usually evolves through three main phases: (1) project conceptualisation
and feasibility study, which could include water quality monitoring and pilot studies for treatment
train selection and economic evaluation, (2) advanced project solutions (APS) and scoping, with
detailed process specifications, flow diagrams and technical-economic evaluation, and (3) facility
planning and construction followed by commissioning with process performance and water quality
validation.
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4.41 Key water reuse drivers

Water reuse is a global trend, which requires local solutions. In fact, water reuse drivers are strongly
influenced by local climate conditions, water demand and availability, demographic and economic
growth, and political and economic context. The typical drivers of water reuse projects are as follows:

(1) Water scarcity, such as chronic water deficits and/or more frequent and prolonged droughts
due to climate change, as well as declining quality of available water resources, leading to
imbalances between water availability and water demand,;

(2) Increasing water demand and water deficits due to population growth, intensive agriculture,
accelerated urbanisation and economic development, which ultimately result in unsustainable
water supply and impeded business development;

(3) Environmental protection, such as the improvement of river water quality, bathing zones,
sensitive habitats and wetlands;

(4) Political and policy decisions in response to a water crisis, as a solution to create climate
change resilience, or the ambition of governments to transition into the emerging circular
economy.

4.4.2 Key water reuse challenges

The key issues related to the implementation of water reuse projects, their ranking and some of the
foreseeable impediments is highly dependent on location and specific local conditions. The major
water reuse challenges are [8]:

+ economic viability;

- social acceptance: public perception and support by users and local authorities;

+ policy and regulations;

- technical feasibility and energy efficiency;

- innovation and fast implementation of new tools, technologies and good engineering practices.

4.4.2.1 Economic viability

Securing economic viability is an important challenge for most water reuse projects [8, 10].
Unfortunately, water reuse feasibility is often suppressed by the use of undervalued and/or subsidised
conventional water resources (as a rule, water tariffs do not include the full cost of water resource and
supply management, as well as wastewater collection, treatment and discharge). Full-cost recovery of
water reuse is a desirable objective but depends on ability to pay. The cost-benefit analysis of water
reuse projects must include other management objectives and socio-environmental criteria, based on
a holistic approach and catchment scale (e.g., multi-criteria analysis including climate change impacts,
environmental impacts, water quality and resource depletion, economic development, etc.).

The implementation of wastewater reclamation facilities generally requires a substantial capital
investment. While water reuse is considered a sustainable approach that can be cost-effective in the
long run, the additional treatment and monitoring requirements, as well as the construction of recycled
water distribution systems, could be costly as compared to water supply alternatives such as imported
water or groundwater. As such, government grants or subsidies may be required to implement water
reuse. Unfortunately, institutional barriers, as well as varying government and community priorities,
can make it difficult to implement large scale water reuse projects in some cases.

4.4.2.2 Social acceptance

Independent of the type of reuse application and country, the knowledge and understanding of the
public with respect to the safety and suitability of recycled water is a key factor for the success of any
water reuse programme [8, 10-12]. Consistent communication and easy to understand messages need
to be developed for the public, with politicians explaining the benefits of water reuse for long-term
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water security and sustainable water resources management, as well as the efficient control of adverse
health, agronomic and environmental impacts.

To date, the major emphasis of water reuse has been on non-potable applications such as agricultural
and landscape irrigation, industrial applications (e.g., use as cooling and boiler make-up water),
and on residential or commercial building applications such as toilet flushing in large buildings.
Understandably, potable reuse raises more public concerns. In any case, the value of water reuse
is weighed within the context of greater public issues. The implementation of water reuse projects
continues to be influenced by diverse debates surrounding drought and availability of water, growth
vs. no growth, urban sprawl, traffic noise and air pollution, perception of recycled water safety, and
public policy governing sustainable water resources management.

4.4.2.3 Policy and regulation

The development and enforcement of water reuse standards is an essential step for the social
acceptance of water recycling. However, in some cases, regulations could be a challenge and burden
for water reuse, as in the case of very stringent requirements based on the precautionary principle.
For example, the health risk-based regulations for irrigation, such as those developed in Australia
and used as the basis for new WHO and European regulations, require an additional health risk
assessment (Quantitative Microbial health Risk Assessment, QMRA) and validation of log removal
of treatment technologies, in addition to water quality monitoring. These new requirements lead to
significantly higher permit and operation costs, without any guarantee for lower health risk or better
process reliability. A recent review [13], performed by a large group of leading experts, demonstrated
that the treatment-based approach used for years in the United States, in particular in California, does
not increase public health risk and that modifying the standards to make them more restrictive will
not improve public health. Water reuse standards must be adapted to the country’s specific conditions
(administrative infrastructure, economy, climate, etc.), should be economically viable and should be
coordinated with the country’s water conservation strategy.

4.4.2.4 Technical issues and energy efficiency

Technical challenges facing water reuse are not yet completely resolved. In particular, for industrial,
urban and potable water reuse applications, it is extremely important to improve performance,
efficiency, reliability and cost-effectiveness of treatment technologies. Water recycling facilities are
facing tremendous challenges related to high variations in raw water quality, salinity spikes due to
seawater or brackish water intrusion into sewers, and variations in water quantity caused by extreme
conditions of very limited water demand, flooding or the need for alternative disposal of recycled
water [11]. It is not the objective of this chapter to discuss each of these challenges in detail. We would
like to refer the reader to the following excellent literature in which these technological challenges
are discussed in detail [10].

Energy efficiency, carbon and environmental footprints have gained importance in recent years [7,
14]. The ambitious goals of sustainable development and of achieving zero net carbon and pollution
emission footprints call for a new holistic approach to the management of the water cycle with an
increased role for water reuse. With increasing urbanization in many parts of the world and further
growth of megacities and increasing efforts to optimise energy efficiency, water recycling is of growing
interest and is expected to become an important pillar of the circular economy. Decentralised or semi-
centralised water distribution systems are more efficient for future cities when water reuse is inevitably
considered [15]. Water supply can be tailored to match water demand more closely in centralised water
infrastructures, adapting water quality to the given use.

The energy consumption for water reclamation is significantly lower than that for seawater
desalination and represents only a fraction of the energy consumed for water supply, treatment, and
distribution [7]. Nevertheless, energy-intensive processes such as reverse osmosis should be limited to
high quality applications, whereas alternative solutions may be more energy efficient for irrigation use.
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4.4.2.5 Innovation

Demonstration studies and scientific advances will play a key role in realizing widespread acceptance
and adoption of water reuse practices as a key water management strategy. The roadmap of technology
innovation in water reuse should be focused on the development of reliable ‘practical’ solutions, in
order to unlock the regulatory, economic and social barriers for building a cost competitive water
reuse market. The major actions included in such a roadmap that would be easy to implement over
the short term include [16]:

) Improvement of reliability, performance, flexibility and robustness of existing technologies;
(2) Development of new cost effective and energy efficient technologies;

) Development of new tools and methods for improved water quality and process performance
monitoring;
(4) Advancement and implementation of ‘soft science’ innovation to resolve the socio-economic
challenges of water reuse.

A good example of an innovative solution is the implementation of direct potable reuse [17, 18].
While there has been a clear preference for non-potable and indirect potable reuse applications, a
number of factors make it less feasible to further increase water reuse in these applications. Most of
the economically viable non-potable reuse opportunities have been exploited. For example, the typical
cost for parallel distribution of tertiary-treated recycled water is 0.3-1.7 USD/m3, whereas the typical
cost for highly-treated purified water, which could be delivered directly into the distribution system, is
0.6-1.0 USD/m? [17]. It is inevitable that purified water will be used as a source of potable water supply
in the future - as now ‘de facto’ reuse is a common practice.

4.5 WATER REUSE APPLICATIONS

Water reuse practices can be classified into two main categories: non-potable and potable water
reuse. The most important characteristics, key issues and lessons learned for water reuse practices
are summarised in Table 4.1. The most common applications of recycled water include agricultural
irrigation, landscape irrigation, industrial reuse and groundwater recharge. Among these, agricultural
and landscape irrigation are widely practiced throughout the world and have well-established health
protection guidelines and agronomic practices [8, 10].

Case study: Producing designer recycled water tailored to customer needs
in West Basin, California, United States [19]

The Edward C. Little Water Recycling Facility in El Segundo, located near the Los Angeles
International Airport, is one of the largest reclamation facilities in the world and the only one
which is producing five distinct types of recycled water for various applications. The plant was
expanded step by step, enabling it to consistently demonstrate economic viability, treatment
efficiency and water quality compliance. A number of fundamental and applied research
projects contributed to the rapid implementation of innovative tools, methods and technologies.
A comprehensive public outreach and education programme enabled it to achieve large public
support and acceptance and increase the number of end users. This experience is one of the best
examples of successful integrated resource management in urban and coastal areas with water
reuse.

Key figures: Start-up in 1995, 160-km network, five distinct types of ‘designer’ recycled water
Treatment capacity: 132 500 m3/d
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Key to success: Reliable drought-proof
local resource, creative pricing
strategy, cost competitiveness, step by
step implementation, public outreach
and education

Benefits: Increased water supply security,
potable water produced by an advanced
multiple barrier approach, secured
social and economic development

Tertiary multi-barrier treatment trains:
(1) conventional tertiary Title 22
treatment of secondary effluents for
urban uses by means of flocculation,
multi-media filtration and chlorine

disinfection, (2) additional treatment of this conventional recycled water by nitrification/
chlorination for cooling water production, (3) additional polishing of conventional
recycled water by microfiltration (MF) and two stages of reverse osmosis (RO/RO) for
boiler make-up water, (4) advanced treatment of secondary effluents by ME/RO/RO for
boiler make-up water in industrial reuse, and (5) barrier product water for aquifer recharge
against salt intrusion where the MF/RO is supplemented with advanced oxidation (AOP)

by high dose UV with hydrogen peroxide addition.

Carson Regional Recycling Plant
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Energy saving: Approximately 10% of the energy demand is covered by solar energy. During
each step of expansion, new more competitive technologies have been implemented, such
as the replacement of RO pre-treatment from pressure-driven MF by vacuum-driven MF.

Major challenges: Developing separate facilities and infrastructure, meeting water quality
requirements for industrial customers, declining secondary effluent quality (increasing

salinity, TOC, turbidity, etc.)
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Indirect potable reuse, and in particular aquifer recharge, has been implemented in many countries
as an efficient response to the need to increase water supply. One of the key advantages of aquifer
recharge is the complementary polishing and storage of recycled water in an environmental buffer,
thus improving not only water quality but also public acceptance. Finally, direct potable reuse is
emerging as a solution for regions subjected to water scarcity. As mentioned previously [2], water
demand to 2050 will probably grow even more than the recent forecasts, in addition to the reduction
of water quality of natural resources. Local patterns will be more critical than global patterns, making
the problem more difficult to solve. In this context, direct potable reuse could be a relevant, safe and
cost competitive solution, as demonstrated by the long-term (over 50-year) experience in Namibia [18].

4.6 WATER REUSE TREATMENT AND DESIGN

Wastewater treatment is the most critical element of any water reuse scheme because it is the most
cost-effective way to reduce health and environmental risks associated with the use of recycled
water. The terms of primary (including preliminary screening), secondary and tertiary treatments are
commonly used to indicate the main wastewater treatment steps for the removal of grit and suspended
solids followed by biological treatment for the removal of organics and nutrients (N and P) and
additional polishing (Figure 4.2). As a rule, tertiary treatment includes disinfection and, if necessary,
the removal of residual suspended solids and/or nutrients when very stringent discharge limits for
nitrogen and phosphorus are in place. These conventional tertiary treatment trains are commonly
used for the majority of non-potable reuse applications, such as agricultural and landscape irrigation,
environmental enhancement and for some other urban uses.

In comparison to conventional wastewater treatment, more stringent requirements are applied
with respect to water source characterisation/monitoring, treatment process selection and design of
water recycling schemes [10, 20]. Secondary treatment is mandatory for the majority of water reuse
regulations, with the exception in cases where preserving the fertilisation capacity of reclaimed water
is of utmost importance, for example in Mexico for agricultural irrigation [21].

Pre-treatment Primary ISecondary Treatment| | Tertiary Treatment
- Coarse Screens Treatment - Activated Sludge - Biofilters

- Fine Screens - Settling Tanks - Clarifiers - Sand filters

- Grit Removal - Lamella - Combined -Lamella
- Grease Removal - Chemicals technologies - Disinfection

Removal of: Removal of: Removal of: Removal of:
* Rags + Suspended solids * Carbon pollution * Nitrogen
* Grit « Carbon pollution « N removal * Phosphorus
* Oil and grease (partial) « Suspended solids * Suspended solids

* Microorganisms

Figure 4.2 Wastewater treatment steps and typical processes used to removal various pollutants.
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Figure 4.3 Typical combinations of wastewater treatment processes for water reuse. In the case of potable reuse, it
is of utmost importance to implement multi-barrier treatment approaches, for example the use of several treatment
processes for the removal of each contaminant class of concern, including pathogens, waterborne viruses, organic
micro-pollutants and emerging contaminants, in order to achieve 100% compliance all the time.

Two main treatment configurations are typically used in water reuse practices: (1) integration of
the additional (tertiary) treatment for production of recycled water in existing wastewater treatment
plants or (2) construction of a separate stand-alone water recycling facility treating secondary effluent.

In addition to the desired water quality and reliability requirements, the choice of water reuse
treatment trains depends on size of the treatment plant, land availability, existing infrastructure, energy
and labour costs and financial resources. In selecting appropriate treatment for a given reuse application,
the provision of multi-barriers is a very important consideration, in particular in the presence of risk of
direct contact with recycled water as well as for creating a social license to operate [10].

Figure 4.3 summarises some typical treatment processes that have been implemented in water reuse
schemes. An additional treatment step after tertiary treatment is necessary for the removal of salinity
and other chemical constituents for some industrial uses such as cooling or boiler make-up water, as
well as for the removal of organic micro-pollutants for potable reuse. The most common treatment
processes implemented for salinity removal are reverse osmosis (RO) and electrodialysis. Trace
organics removal could be achieved by means of ozonation combined with biofiltration, advanced
oxidation, or membrane technologies, for example nanofiltration and reverse osmosis.

Membrane bioreactor (MBR) technology is widely used for wastewater treatment and reuse,
providing the double advantage of secondary and tertiary treatment for production of high-quality
recycled water, improving the environmental footprint of wastewater treatment [22].
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4.6.1 Typical treatment trains for agricultural and landscape irrigation

Depending on the type of irrigated crops, irrigation method and public access, additional treatment
of secondary effluent can include a disinfection step with or without preliminary filtration (Figure
4.4a). Enhanced and almost total removal of suspended solids is needed to consistently achieve very
stringent water quality standards with near-complete removal of microbial pollution (i.e., indicator
microorganisms below the detection limits).

Depending on the quality of the secondary effluent, chemically enhanced filtration or a combination
of high rate clarification (i.e., coagulation, flocculation and lamella settling) and filtration could be
needed [10, 20]. Disinfection is the final polishing step, with chlorination and UV irradiation as typical
processes. For this application, some extensive treatment technologies based on natural purification
processes such as maturation ponds have the important advantage of providing storage, in addition to
their ability to remove pathogens (disinfection by UV light, e.g.).

Good disinfection without carbon and nitrogen removal can be achieved by advanced primary
treatment using high rate sedimentation followed by filtration and disinfection (see Figure 4.3).

Membrane treatment is not economically viable for agricultural irrigation, but it is increasingly
applied for landscape irrigation and other urban uses [12, 23].

The most common tertiary treatments for agricultural reuse are direct disinfection of secondary
effluents by means of chlorination or UV irradiation, with a preliminary filtration in the case of
stringent standards.

4.6.2 Typical treatment trains for urban reuse

Urban uses are characterised by relatively high risk of exposure (i.e., direct contacts or cross
connections with recycled water) compared to agricultural irrigation. For this reason, the commonly
applied treatment trains aim to achieve a quasi-total removal of suspended solids and microorganisms
(similar to irrigation of crops for raw consumption). Interest in using ozonation for this application has
increased in recent years because of its high effectiveness in removing viruses and bacteria, combined
with colour removal and oxidation of some organic micropollutants.

As mentioned previously, MBRs and membrane filtration are commonly used technologies enabling
the production of high-quality recycled water. An additional advantage of the use of membranes
is the ‘physical barrier’ of membranes, thereby enhancing public acceptance. The typical reuse
applications using membrane technologies are in-building water recycling (Figure 4.4b), car washing,
air-conditioning and recreational uses [10, 12, 24].

(@)

Figure 4.4 (a) Typical treatment levels for agricultural water reuse and (b) View of in-building recycling plant in
Battery Park, New York City.
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Figure 4.5 Example of technologies used for indirect and direct potable reuse.

4.6.3 Typical treatment schemes for potable reuse

As mentioned previously, potable reuse treatment trains are typically designed based upon the so-called
multi-barrier concept. However, it should be noted that some indirect potable reuse projects, such as
aquifer recharge using surface spreading and replenishment of storage reservoirs or dams, require less
complex tertiary treatment (filtration plus disinfection) because of the additional treatment capacity
of natural soil aquifer treatment (SAT).

The treatment trains for indirect potable reuse via direct aquifer recharge and direct potable
reuse include at least 2-3 additional barriers for pathogen and trace organic removal to consistently
achieve drinking water quality (Figure 4.5, adapted from [17]). Dual membrane treatment by low
pressure membranes (microfiltration or ultrafiltration) and reverse osmosis, followed by advanced
oxidation (e.g., UV plus hydrogen peroxide) is becoming very popular and is being considered as
the best available technology in California. The management of brine from reverse osmosis is the
main problem for such schemes, in particular in inland locations. For this reason, an increasing
interest is reported in conventional advanced treatment trains for trace organics removal through a
combination of ozonation, biological activated carbon, ultrafiltration or nanofiltration, and advanced
oxidation [17].

4.6.4 Typical process design

Process design of water reuse treatment is determined based on both the source water quality and the
target water quality [10, 20]. In addition to water quality specifications, the process performance is
largely influenced by the robustness and reliability of the selected treatment technologies, as well as
by the operation and maintenance.

Table 4.2 illustrates some typical water quality and process design parameters of the most commonly
used treatment processes. It can be seen that the design parameters change depending on water reuse
applications [adapted from 10, 20].

Physical-chemical disinfection is strongly influenced by inlet water quality, and in particular by
suspended solids concentration [25, 26]. The impact of water quality on disinfection performance
is highest for UV irradiation, followed by chlorination (mainly due to by-product generation) and
ozonation, which was identified as the least sensitive process.

The most viable design of ozone contactors for wastewater treatment should be based on short
contact times and enhanced mass transfer [27, 28]. Good mixing and dose control are the key design
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Table 4.2 Indicative design parameters and microbial log removal of selected treatment processes.

Treatment process Design for target water quality Indicative microbial log removal
<10 E. <200FE. <1000 E. E. coliand Viruses Protozoa
coli/100 mL coli/100mL  coli/00 mL  enteric

bacteria

Secondary treatment NA 1-3 0.5-2 0.5-1.5

Membrane Achievable by MF/UF NA 6 4-6 6

bioreactors

Non-potable water recycling trains

Chemically enhanced <5 mg TSS/L, turbidity 2-5 NTU NA 0-1 0.5-3 1-3

dual media filtration  Polyelectrolyte dosage

0.5-1.5mg/L

Filtration rates 10 &+ 5 m3/m?-h
(up to 25 for pressure filters)

Maturation ponds NA 10-30 mg TSS/L (30-50% of 2-5 1-4 3-4
(typical depth of algae)

0.5-1.5 m) Residence time 15-30 days

Chlorination® 1-5 2-4 2-9mg/L 2-6 1-3 0.5-1.5

(chlorine dose/CT
15 mg min/L)

UV irradiation (UV  <25mgTSS/L, <5mgTSS/L, <10mg 2-6 1-6 3-6
dose) <2 NTU, 60 mJ/cm? TSS/L,

100-120 mJ/cm? 30-40 mjJ/

cm?

Ozonation, 2-5mg/L 4-8 mg/L 6-10 mg/L 2-6 3-6 1-4
transferred ozone
dose
Potable water reuse recycling trains
Reverse osmosis Below the NA NA 6 6 6
Advanced oxidation  detection limit NA NA 6 6 6
(UV + H,0,)
Ozone plus biological NA NA 4-6 4-6 2-4
activated carbon
Soil-aquifer NA NA 6 6 6
treatment

NA, not applicable.
achlorination of nitrified effluents.

parameters of wastewater disinfection systems, with hydraulic residence time being less important
compared to drinking water treatment.

Anindicativerange of microbial removalisalso providedin Table 4.2 for reference, accordingtorecent
guidelines [29, 30]. It is important to underline that the demonstration of log removal by operational
monitoring is very difficult and even impossible in some cases due to low initial concentrations, low
accuracy of available analytical methods and the specificity of treatment technologies.

Challenge testing at bench and pilot scale runs allow high log removal levels to be demonstrated
by spiking influent with higher than normal microorganism concentrations to allow detection in the
effluent. Nevertheless, this method is limited to selected processes (e.g., membranes, disinfection) and
could be very expensive or inapplicable at full-scale.
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4.7 KEY CHARACTERISTICS AND MILESTONES OF AGRICULTURAL WATER REUSE

The majority of water reuse projects worldwide are implemented for agricultural irrigation and
are driven by increasing water scarcity and ever-growing agricultural water demand. The need for
alternative water resources has been accelerated over the past few years by severe droughts, which
have occurred and continue to occur not only in traditionally arid areas of the United States, the
Mediterranean region, the Middle East, Australia and South Asia, but also in a number of temperate-
climate states and countries in Europe and North America. For example, according to an FAO study
[31], the drought of 1999 in the Near East and North Africa (NENA) region resulted in a relative decline
of food production by 51%. Another good example of the economic repercussions is the 2003 drought
in Europe, with estimated economic losses exceeding €13 billion [32]. In this context, water reuse
is becoming more and more valued as a viable alternative water resource. Indeed, various countries
are already using a large portion of their treated wastewater for irrigation. Examples include, but are
not limited to, Argentina, China, Cyprus, Egypt, Israel, Jordan, Kuwait, Libya, Mexico, Saudi Arabia,
Spain, Syria, Tunisia and United Arab Emirates.

The basic principle of beneficial water reuse in agriculture is that municipal wastewater may be used
for all kinds of irrigation applications as long as the water has been previously treated to appropriate
levels that meet specific water quality requirements [10, 20, 33]. It is worth noting that besides the well-
recognized benefits of water reuse, the use of recycled water for irrigation may have adverse impacts
on public health and the environment, depending on treatment level, local conditions and irrigation
practices. In all cases, the existing scientific knowledge and practical experience can be used to lower
the risks associated with water reuse by implementation of sound planning and effective management
of irrigation practices with recycled water [34, 35].

The milestones in the development of safe water reuse practices for agricultural irrigation are
illustrated in Figure 4.6 [8]. The proposed three categories of irrigation projects are based on the

1.Industrial crops & :> 2. Food crops [:>3. Crops eaten raw
orchards (tertiary effluent) ——ggg] (tertiary effluent)

(secondary effluent) 1986 Monterey County, 2004

. California Sulaibiya
Water Conserv Il, Florida A L
160,000 m3/d 120,000 m3/d Kuwait, UF/RO

ipeli 4,900 ha 375,000 m3/d
3121%?0??21?3: 74 km pipelines 1680 ha
+rapid infiltration _ Market crops Fodder (75%)
basins (artichokes, lettuce) potatoes, eggplants
—

Demonstration study 1976

l 1970 1980 1990 2
1958 Cherguia,Tunisia ==Jp] Pilot plant study
Citrus&olive trees 1989
1966 i Dan Region, Israel
Tallahassee, Florida 310,000 m3/d 1999
Corn, soybeans 15,000 ha Virginia pipeline,
100 km pipelines 1995 Australia
1967 Food crops Vitoria,Spain 120,000 m3/d
Irvine Ranch, (citrus, avocado) 35 000’ m3/d 20,000 ha
California ’10 000 ha 150 km pipelines
oy Market/crops
Mendoza, Argentina ilsel:gbﬁgpce:gnpe: (salad/broccoli)

ineyards

Figure 4.6 Milestones in water reuse for agriculture with selected cornerstone projects.
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history of agricultural water reuse and reflect the evolution of regulations and advances in wastewater
treatment technologies and monitoring:

(1)

2

(3)

Irrigation of industrial crops, fodder and seed crops, orchards, forests, and so on., irrigated with
secondary effluent often after storage and polishing in open lagoons such as maturation ponds.
Implementation of large projects in the Unites States and Tunisia in the 1960s, in Argentina in
the 1970s, and in Spain and in France in the 1980s.

Irrigation of food crops (eaten cooked or processed) with tertiary effluents. In the 1980s, two
large projects in Florida (e.g., Water Conserv II) and in Israel (Dan Region) demonstrated the
safety and benefits of water reuse by means of extensive scientific studies.

Unrestricted irrigation of crops consumed raw with highly-treated and disinfected recycled
water (tertiary filtered and disinfected effluent or ultrafiltration-treated secondary effluent).
Long-term extensive research, completed as part of the implementation of water reuse projects
in Monterey, California [35] and Virginia pipeline, Australia [36], has demonstrated the safety
of recycled water and has convinced stakeholders of the benefits of water reuse.

Many successful water reuse projects for agricultural irrigation have been developed worldwide.
However, the projects presented in Figure 4.6 are very important for the success of water recycling
because they are used as benchmark examples.

Case study: Virginia Pipeline, Adelaide (Australia) - Irrigation of crops eaten raw [36]

The Virginia pipeline scheme is one of
the largest projects for agricultural reuse
in the world and an excellent example
of mitigation of water scarcity impacts
for the sustainable development of local
economy and food security. Lessons
learned from this project demonstrate
the possibility to consistently achieve
high quality standards by means of
conventional treatment technologies, as
well as the economic viability of water
reuse.

Key figures: start-up in 1999,
irrigation of 20000 ha (root and
salad crops, cauliflower, broccoli,
cabbage, wine grapes and olives),
250 supply agreements, 150 km of
pipes + 20 km extension in 2009

Tertiary treatment (110 000 m3/d):
maturation pond, coagulation/
flocculation, dissolved air flotation,
filtration and chlorination (<10 E. coli/100 mL)

Key to success: city initiative and national program to assist growers to produce more with
less water; guidance manuals for farmers

Economic viability: long term ‘take or pay’ contracts, recycled water charges are covering
O&M costs, +50% increase of land value, AU$120 million vegetable production
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4.7.1 Water quality requirements

Water quality requirements for agricultural reuse depend on the type of irrigated crops (food or
industrial crops, eaten raw or after processing, potential contact with recycled water, etc.) and the risk
of contact with workers and the general public (restricted or unrestricted irrigation depending on the
access control to irrigated areas). The most stringent standards apply for irrigation of crops eaten raw,
requiring almost full removal of suspended solids and disinfection (from <1 to <10 E. coli/100 mL to
100-200 E. coli/100 mL).

4.7.2 Health risk management

Despite the numerous success practices, preventing health risks (human or animal) remains a critical
issue [10]. Efficient health risk management in the context of water reuse in agriculture includes
several types of actions that can be classified in four main groups:

(1) Policy, regulations and institutional initiatives, including set-up of water quality criteria and
their enforcement;

(2) Engineering actions such as wastewater treatment and storage, adequate operation and water
quality monitoring, control of recycled water application, and in particular, the selection of
irrigation method and technology;

(3) Additional health protection measures and barriers such as crop restrictions, human exposure
control and immunisation of field workers;

(4) Good agronomic practices, including crop selection, control of the timing and frequency of
irrigation, crop harvesting measures, and so on.

It is very important to underline that the safe and beneficial implementation of water reuse
schemes are significantly facilitated by the development of appropriate codes of good agronomic and
irrigation practices, which are as important for farmers and operators as water quality and monitoring
requirements [34].

4.7.3 Major findings and lessons learned
Based upon the large amount of water reuse projects for unrestricted agricultural irrigation
implemented around the globe, the key lessons learned can be summarised as follows [8]:

(1) Keys to success:

- local and national incentives, subsidies, creative economics and water recycling pricing,
demonstration of economic benefits;

- efficient and reliable treatment methods and good engineering practices;

« communication, education and training of farmers.

(2) Major challenges:

- food safety and public perception are very important issues for farmers (influence of E.
coli outbreaks such as the fresh spinach issue in the USA in September 2006 resulting in a
revenue loss of over $74 million and the ‘cucumber’ crisis in Europe in May 2011 resulting
in a revenue loss for farmers of over €600 million);

+ agronomic aspects: salinity, sodicity and toxic ion management should be taken into
account [33];

- operation and maintenance (O&M) of irrigation networks (e.g., biofouling, bacterial
recontamination or regrowth control).

4.8 KEY CHARACTERISTICS AND MILESTONES OF URBAN WATER REUSE

Water reuse in urban areas includes a wide variety of applications and schemes, with a common
denominator that all of these purposes do not require potable water quality. The main categories of
urban water reuse are as follows:



Water reuse: a pillar of the circular water economy 79

(1) Landscape irrigation, which is the primary use and includes irrigation of public parks, sport
fields, green belts, golf courses, as well as private residential areas and gardens.

(2) Other non-irrigation urban uses such as street cleaning, car washing, fire protection, air
conditioning, toilet flushing and some commercial applications.

(3) In-building recycling, which refers mostly to water recycling in high-rise buildings, including
office buildings, commercial malls and private residential buildings.

(4) Environmental enhancement and recreational uses for replenishment of water bodies, lakes
and urban streams including those used for swimming (with or no body contact), leisure or
fishing purposes.

As a general rule, urban water reuse requires adequate infrastructure, and in particular dual
distribution (or reticulation) and dual plumbing systems. Dual distribution and plumbing systems are
relatively easy to install in new urban areas or buildings with relatively low initial investment. Because of
the risk for the community of direct contact with recycled water, the water reuse requirements, as well as
the rules for cross-connection control, are very stringent (i.e., total disinfection and on-line control) [10].

4.8.1 Landscape irrigation
Landscape irrigation includes applications of recycled water to restricted and unrestricted areas, the
latter requiring the highest water quality. Agronomic water requirements are also similar to those
for agricultural irrigation and depend on a crop’s sensitivity. For example, irrigation of ornamental
plants requires careful analysis of agronomic water quality parameters, while the majority of turfgrass
species are very tolerant to salinity and sodicity [37]. Typically, the recycling scheme components
for landscape irrigation are more sophisticated than for agricultural irrigation because of the use
of water efficient irrigation techniques (e.g., sprinklers, micro-sprinklers and drip irrigation), which
may require additional filtration after storage, backflow prevention devices, pressure control and
automation [10]. Similar devices and efficient operation and cross-connection control practices are
required for dual distribution networks.

Relatively few cross-connection incidents with backflow from recycled water systems have been
reported with no reported illness. The major causes of cross connections between recycled and potable
water systems reported in Australia, the United States and the UK are:

- illegal connection of private residences;
- inadequate construction, records and pipe identification; and
- higher pressure in recycled water system.

4.8.2 Other urban uses

Water recycling in urban areas, including toilet flushing, is becoming an acceptable practice, with
confirmed operating experience and recognised economic viability for: (1) large municipal scale toilet
flushing and irrigation, (2) large office buildings (e.g., Japan, California-United States) and (3) large
residential areas (e.g., Florida-United States, Australia) [38]. Because of the high importance of this
type of reuse for urban water cycle management and for cities of the future, the major milestones in
urban reuse are classified not only by application or technologies, but also by the size and scheme of
implementation (Figure 4.7):

« recycling in high-rise buildings;
- large-scale dual distribution systems;
- new concepts for eco-cities with low water and energy footprint.

4.8.3 Main steps and milestones in the development of urban reuse
Selected cornerstone water reuse projects of urban water reuse are presented in Figure 4.7 [8].

In 1977, the city of St. Petersburg in Florida implemented one of the largest urban dual water
systems of its kind in the world. Even though the initial objective was to avoid wastewater discharge
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Figure 4.7 Milestones in urban water reuse with selected cornerstone projects.

in surface waters, the water recycling systems have become an essential element of urban water
cycle management [10]. The operational experience and research and development (R&D) studies
contributed to the development of good practices for optimum watering and selection of ornamental
plants, as well as for the increase in cost efficiency by using a looped distribution network with pipes
of small diameter.

The history of recycled water use in individual buildings in Japan dates back to 1965 and earlier,
although the number of installations was small [39]. A severe drought in 1978 prompted the use of
recycled water in buildings in Fukuoka in southern Japan. There have been about 100 new installations
annually in Japan since 1980, with more than 1475 individual office buildings and apartment complexes
equipped with on-site water recycling systems in 1997. In 2009, 9% of the total volume of treated
wastewater was recycled.

New concepts of sustainable water management and eco-cities with reduced potable water demand
by means of dual distribution systems are under development in other countries, and particularly in
Australia. On the basis of the operational experience of the first large residential project in Rouse Hill
in Sydney, a new project in Pimpama Goomera in Queensland was aiming to cover 45% of the water
demand of 45 000 residential homes using recycled water, lowering the drinking water demand to
about 16% of its typical baseline level. However, in 2013 the city voted to stop supply of A+ recycled
water to households over a three-year period due to the high operation and monitoring cost, which
has far outweighed the revenue.

Case study: Water Recycling in nine high-rise buildings in Shinjuku Area, Tokyo [39]

Japan has one of the best and oldest experiences in high-rise building recycling in the world.
Few technical and economic constraints favoured the development of large semi-decentralised
water recycling schemes, whose first milestone is the project in Shinjuku Area in Tokyo.
High quality recycled water is supplied for toilet flushing in 30 high-rise office buildings.
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4.8.4 Major findings and lessons learned
Based upon the extensive knowledge gained from the various projects of urban water reuse implemented
around the globe, the key lessons learned can be summarised as follows [8]:

(1) Keys to success:

- governmental and regional incentives;

- consistent water quality and supply reliability;

- community education, communication and market assessment.

(2) Major challenges:

« water quality: health safety (total disinfection), aesthetic parameters, others (nutrients,
dissolved salts, etc.);

« reliability of supply: interruptible in many cases (fire protection, toilet flushing, cooling) with
backup water system and storage capacity for irrigation purposes to meet peak demand;

« costs: very high cost of dual distribution systems (prohibitive for >15-25km), dual
plumbing viable for new buildings, additional expenses for potable water when a substitution
is needed,;

+ O&M of dual systems: cross-connection control, management of leaks, corrosion, scaling,
and bacterial regrowth.

4.9 KEY CHARACTERISTICS AND MILESTONES OF INDUSTRIAL WATER REUSE

Industry is the second largest market for water supply after agriculture (70%) with around 25% of
global freshwater demand. Industrial reuse and internal recycling schemes within factories have
become standard practice in many countries and industries. Moreover, many industries have set
forward ambitions to achieve closed loop cycles and zero liquid discharge as a long-term strategic goal,
whereas inter-sector water reuse, and in particular the use of recycled urban wastewater for industrial
purposes, is growing rapidly. The potential for industrial reuse of treated municipal wastewater is
expected to increase even further in the future as raw potable water supplies become more limited,
the cost of potable water increases due to more demanding standards and the discharge regulations
become more stringent.
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The major factors that influence the potential for industrial water reuse include availability of
water, the industry’s discharge requirements, the industrial process requirements, input water quality,
volume, economics and reliability. Although there is a wide range of industrial water uses, the major
uses are:

+ cooling system make-up water;

+ boiler feedwater (boiler make-up water);

* process water;

- washdown water;

+ miscellaneous other uses, including site irrigation, fire protection, road cleaning, and so on.

The first three categories are of particular interest because they are high-volume and high-quality
applications with excellent prospects for using recycled municipal wastewater. In general, the closing
of the industrial water cycle can be divided into three main strategies around water saving and
wastewater minimisation initiatives:

(1) Cascading reuse, involving direct reuse with no or little treatment;
(2) Wastewater recycling after appropriate treatment;
(3) Source reduction by decreasing the need for water in a given industrial process.

4.91 Water quality requirements

The water quality requirements and type of application of water recycling is highly affected by the type
of industry (e.g., power generation, food and beverage, chemical, paper, textile industry), particular
industrial process, and target performance (e.g., impacts on product quality, on installations, etc.). For
these reasons, it is not possible to generalise water quality requirements for industrial applications,
which in some cases can be more stringent than drinking water standards.

4.9.2 Management of adverse water quality impacts

The greatest concern of the use of recycled water in cooling towers is the risk posed by inhalation
of pathogens entrained in the aerosols. In this case, biocides can be added, but they cause risks
for corrosion and inclusion in aerosols. Moreover, corrosion, scaling and biofouling problems of
equipment and distribution systems are a common issue. As a rule, for water to be suitable to be used
as feedwater for boilers or stream generators, it must be of a higher quality than water used for cooling
purposes [11]. The quality requirements increase as operating pressure and temperature increase. The
control or removal of hardness is required. Insoluble salts of calcium and magnesium are the main
contributors to scale formation in boilers and are removed by processes such as ion exchange and
reverse osmosis. The development of an adequate treatment line from the initially available water to
the process water is crucial to keep costs under control without affecting the process.

4.9.3 Milestones in industrial reuse

Successful waterreuse practicesareimplementedinthe petroleumindustry, oilrefineries, thermoelectric
power generation plants, pulp and paper facilities, the textile industry and even microprocessor,
electronic and food industries. The milestones in industrial water reuse can be categorised in two
groups, similar to indirect potable reuse, with the cornerstones being the implementation of membrane
technologies, and in particular reverse osmosis.

The West Basin Municipal Water District in California is a pioneer in the production of ‘designer’
recycled water from municipal wastewater, from which three qualities are produced for industrial
purposes. Since the first start-up of combined MF/RO treatment of municipal wastewater at this plant
in 1995, the long-term operational experience has demonstrated that recycled water provides a reliable
source of water for industry when potable water supply is uncertain at lower cost [40]. Several other
similar recycling facilities have been constructed in Singapore, Mexico, India, Northern California
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and Hawaii [8]. The German experience in industrial water recycling has demonstrated that there are
technical possibilities for water recycling for almost any application [41]. Key factors for the success of
industrial water recycling are treatment efficiency and reliability, as well as technical and economic
feasibility. As a result, water-recycling schemes have reduced wastewater volume by 78-92% in textile,
paper and food and beverage industries.

Case study: Water recycling in refineries and naphtha cracker industry using
advanced multi-barrier system [42]

This project is a very relevant example showing how advanced water recycling technologies are
contributing to Indian industrial development, and in general, to emerging economies securing
water supply. The production of ultra-pure recycled water for boiler make up is enabling an
expansion of refinery capacity with the objective to achieve zero liquid discharge in the mid-
term. Effective management of a number of technical and water quality control challenges have
been developed to ensure reliable provision of process water and environmental protection.

Start-up in 2006, Paniprat refinery recycling - \ =
plant, India X eV =
Key figures: treatment capacity 42 500 m3/d; . b '
9 Mm3/yr —
Additional treatment: UF + RO =,
Water quality: <10 pg/L silica, <0.1 mg/L T Ei T
TDS ‘ == A5
Key to success: economic growth in India,
environmental awareness, advanced - : e —

technologies, experienced plant operator
Major challenges: fluctuating water quality,
stringent water quality requirements, zero ‘ <
liquid discharge to be achieved |

4.9.4 Major findings and lessons learned
Based upon the extensive knowledge gained from the various industrial reuse projects successfully
implemented worldwide, the major conclusions can be summarised as follows [8]:

(1) Keys to success:
- consistent water quality, efficient water quality control and reliable uninterrupted water
supply;
- implementation of proven advanced technologies, in particular membrane bioreactors,
membrane filtration (micro- and ultrafiltration, reverse osmosis), and ozonation;
« availability of funding, economic success of the clients/investors;
- cost efficiency and heat, energy and resource recovery;
- availability of an adjacent municipal wastewater plant to avoid an extensive and expensive
reclaimed water distribution network.
(2) Major challenges:
- fluctuations of raw water quality and quantity;control of water quality, in particular salinity,
silica and hardness;
+ zero liquid discharge target in the long-term;
- disposal and treatment of RO brines and other concentrates.
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410 KEY CHARACTERISTICS AND MILESTONES OF POTABLE WATER REUSE

4.10.1 Key points in development of potable reuse

The success story of potable water reuse started in the early 1960s with water augmentation by means
of groundwater (aquifer) recharge in Montebello Forebay, California (1962) and direct potable reuse
in Windhoek, Namibia (1968). The more than 50-year operational experience of direct ‘pipe-to-pipe’
reuse in Windhoek demonstrated the practical feasibility and lack of adverse health effects of this
practice [18]. Public opposition and concerns of unknown micropollutants were the main constraints
for the development of this water reuse practice.

The most common practices of planned indirect potable reuse include aquifer recharge and
reservoir replenishment. Indirect potable reuse occurs when some fraction of the raw water used for
drinking purposes is of wastewater origin. Unplanned indirect potable reuse is a common situation in
which inherent water quality issues are not fully addressed because of the divided responsibilities for
wastewater discharge and downstream water supplies [42].

Because of health concerns, a ‘multiple barriers’ treatment concept is applied in order to achieve an
extremely high degree of reliability, much higher than that of conventional wastewater treatment and
reuse schemes. The feedback from full-scale operation (as well as scientific studies) has demonstrated
that human health can be safeguarded, and, moreover, long-term robust and reliable operation can
be achieved using adequate treatment, water quality control and good practices of managed aquifer
recharge [10, 43, 44].

4.10.2 Milestones in potable water reuse

The key milestones in the development of safe water reuse practices for indirect potable reuse are
illustrated in Figure 4.8, adapted from [8]. The two proposed categories are based on the advance in
wastewater treatment coming from the technological breakthrough of membrane filtration in the late
1990s.
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Figure 4.8 Milestones in indirect potable water reuse with selected cornerstone projects.
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Two subcategories, covering both aquifer recharge and reservoir replenishment, are dissociated
according to the water quality requirement:

(1) surface spreading in aquifers and surface reservoir replenishment; and
(2) direct injection in aquifers, mostly as a seawater intrusion barrier.

In fact, the operational experience demonstrated that, for all indirect water reuse applications, the
advancement in membrane efficiency with decreasing cost favoured the implementation of advanced
multi-barrier treatment schemes, including the combination of micro- or ultrafiltration, reverse
osmosis, and advanced oxidation by high UV dose and hydrogen peroxide.

The significance and the lessons learned from recharge of the unconfined aquifer of Montebello
Forebay in the eastern Los Angeles County are of crucial importance for the success of this practice.
In fact, the first experience started in 1962 with the recharge of spreading basins with disinfected
secondary effluent from the Whittier Narrows Water Recycling Plant, which demonstrated the economic
viability and health safety of this water reuse practice [45]. A five-year health effect epidemiological
and toxicological study (1978-1983) and a follow-up epidemiological study (1996-1999) did not

Case Study: Comparison of over 40-50 years of experience with potable water reuse

The two selected projects are excellent examples of successful implementation of potable
water reuse by means of conventional treatment technologies and multi-barrier approaches.
Comprehensive water quality monitoring programmes are consistently demonstrating the
robustness and reliability of treatment trains and compliance with drinking water standards.
During such long-term operation, no reclaimed water-related health problems were experienced.
These projects illustrate well the human dimensions of water reuse and the role of public
education, appropriate communication, adequate pricing strategy, good evaluation of water

Case study 1: Indirect potable reuse for the Occoquan
reservoir replenishment near Washington D.C., United
States [46]

Start-up in 1978

Key figures: treatment capacity 204 400 m3/d, 44 Mm3/yr
(8% of the annual average reservoir inflow)

Multi-barrier conventional treatment, including
biological nitrogen removal, lime clarification,
multimedia filtration, granular activated carbon
adsorption and chlorination/dechlorination

Drivers: need to ensure long-term ability to meet regional
water supply needs, federal construction grant funding

Key to success: state and local government support and
collaboration, independent monitoring, continued
demonstration of improvements to water quality over
project life

Benefits: high quality reclaimed water has enhanced both
watershed and reservoir water quality, reduced local
capital cost of initial project

Major challenges: increased emphasis on controlling
pollution from urban runoff, developing local support for
more expensive reuse infrastructure, future expansions
will all be locally funded

reuse benefits and the decisive role of decision makers and government support.

Case study 2: Direct potable reuse of the New Goreangab
Reclamation Plant, Windhoek, Namibia [18]

Start-up in 1968

Key figures: treatment capacity 21 000 m3/d, 6.4 Mm3/yr

Advanced multi-barrier treatment, including pre-ozonation,
coagulation, flotation, dual media filtration, ozonation,
BAC, GAC, ultrafiltration and chlorination

Drivers: severe water deficit, polluted surface water, other
alternatives that are too expensive

Key to success: vision and great dedication of the potable
reclamation pioneers, excellent information policy
and education practice, no reclaimed water-related
health problems experienced, reliable operation and
on-line process and water quality control, public-private
partnership

Benefits: increased water supply security, savings from
produced potable water, secured social and economic
development

Major challenges: optimum management of the multiple-
barrier approach (non-treatment, treatment and
operational barriers), increasing salinity, concern of
emerging micro-pollutants, increasing water demand
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demonstrate any measurable adverse effects on groundwater quality or the health of the population
drinking this water.

4.10.3 Major findings and lessons learned
Based upon the extensive knowledge gained from the various potable reuse projects successfully
implemented worldwide, the major findings can be summarised as follows [8]:

(1) Keys to success:

- pilot plant testing and selection of efficient and reliable treatment technologies based on a
multiple-barrier approach;

- government and stakeholder collaboration on adopting water reuse projects;

- continued demonstration of consistent water quality, independent water quality monitoring,
on-line process and water quality control, and further water quality improvement over the
project life;

- effective public outreach, community education, communication and use of positive
terminology (e.g., ‘purified water’, NEWater, ‘eco-water’);

- governmental grant funding, subsidies, phasing of expansions and public-private
partnerships.

(2) Major challenges:

« public support and regulatory approval,

- high capital and operational costs, costly monitoring for emerging micropollutants and
other constituents;

+ increased emphasis on controlling pollution from urban runoff for both aquifers and surface
reServoirs;

- management of the complex membrane facilities during extreme conditions such as low
production rates or flooding;

- increased salinity and pollution of wastewater, in particular in coastal areas and aged
wastewater treatment plants.

411 THE COST-RISK NEXUS

Health risk analysis in water reuse is based on drinking water regulations. The enormous progress
in research on process engineering and water quality monitoring, as well as the feedback from long-
term operation of water reuse projects, represent an excellent background for the development of
safe water reuse practices. Nevertheless, the increasing knowledge in water quality monitoring and
analytical equipment may adversely impede water reuse development due to very stringent regulatory
requirements that are impossible to implement in practice.

Risk analysis consists of three principal elements: risk assessment, risk management, and risk
communication [10]. Risk assessment is the qualitative or quantitative characterisation and estimation
of potential adverse health effects associated with human exposure to recycled water. Qualitative risk
assessment is based on a combined evaluation of the magnitude of consequences and the likelihood
that those consequences can occur. For non-potable reuse projects, qualitative risk assessment is the
most appropriate and economically feasible methodology [47]. Risk management is the process of
evaluating, and if necessary, controlling sources of exposure and risk in order to ensure that water of
a safe quality is provided to end-users.

Chemical and microbial risk assessment is used with success to set drinking and water reuse
standards. Nevertheless, a number of serious limitations exist when applying risk assessment to water
reuse [48]. Several important simplifying assumptions are needed, including the selected model, the
limited availability of exposure and dose-response data, the health outcomes investigated and treatment
of the variability and uncertainty of the data used to calibrate the selected model. In addition, it is
important to underline that wastewater microbial content varies considerably from country to country
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and even for a given wastewater reclamation facility. Moreover, efficiency and reliability of treatment
processes strongly depend on the selected technology and operation and maintenance frequency.

The current experience with water reuse regulations based on water quality limits and treatment
requirements has demonstrated the lack of adverse health impacts, including for direct potable
reuse [43]. The feedback from the operation of plants with risk-based regulations in Australia has
demonstrated the limits of this approach and the excessive costs required, which have caused some
water reuse projects to stop. In the future, it would be relevant to consider risk-based water reuse
regulations, but the key challenge is to define the acceptable or tolerable risk that is economically
affordable. The selection of a benchmark level of risk can be a complex process that involves technical,
political, regulatory and social factors and should take into account increasing health risks related to
other sources.

4.12 INNOVATION AND RESEARCH NEEDS

The safe implementation of water reuse within the context of an emerging circular economy opens
up a plethora of opportunities for innovation. It is virtually impossible to list all opportunities and
research needs because they highly depend on the specific water reuse application and local context.
We summarise the general innovation needs below, categorised by the specific aspects that have to be
developed.

(1) Technology research and innovation:

- Improvement of performance, reliability, energy efficiency and robustness of existing
treatment processes.

- Development of new, more efficient treatment technologies with improved performance,
lower carbon footprint and competitive costs. Specific focus is needed for the scale-up of
new technologies.

« Development of innovative, efficient, robust and low-cost tertiary treatment (filtration and
disinfection) for water reuse, allowing seasonal operation for irrigation and other uses with
intermittent water demand.

« New tools and methods for monitoring of chemical and microbial pollutants, and
development of on-line (real-time) monitoring of water quality and process performance.
A specific challenge is the monitoring of pathogens in raw wastewater and complex
matrixes (sludge and soil), as well as new pollutants (nanoparticles, microplastics, antibiotic
resistance).

- Investigate and develop databases for a better understanding of pathogen removal
efficiencies and the variability of performance of various unit processes in multi-barrier
wastewater reclamation trains.

(2) Health, social, and environmental issues:

+ Address critical gaps in the understanding of health impacts concerning human exposure
to constituents in recycled water in comparison to other well-defined health risks (e.g., dose
response, relevant pathogen selection, target population, etc.).

- Extensive scientific studies may be needed to demonstrate health safety associated with
emerging parameters (e.g., antibiotic resistance, pharmaceuticals, endocrine disruptors,
personal care products, nanomaterials, perfluorinated substances, etc.) for agricultural
irrigation.

- Assessment of the potential impacts of environmental applications of recycled water in
sensitive ecological communities.

- Quantitative assessment of the non-monetized costs and benetfits of potable and non-potable
water reuse compared with other water supply sources to enhance water management
decision making.

+ Development of easy to use tools for assessment of public acceptance and public education.



88 Resource Recovery from Water: Principles and Application

413 CHAPTER SUMMARY

As demonstrated by the milestones in water reuse development worldwide, with many regions or
communities approaching the limits of their available water supplies, wastewater reclamation has
become an attractive option for conserving and extending available water supplies by:

(1) Using recycled water for applications that do not require high-quality drinking water;

(2) Augmenting water sources and providing an alternative source of supply to assist in meeting
both present and future water needs;

(3) Protecting aquatic ecosystems by decreasing the diversion of freshwater, reducing the quantity
of nutrients and other toxic contaminants entering waterways;

(4) Reducing the need for water control structures such as dams and reservoirs;

) Complying with environmental regulations by better managing water consumption and
wastewater discharges.

Producing reclaimed water of a specified quality to fulfil multiple water use objectives is a reality due
to the progressive evolution of water reclamation technologies, regulations, and environmental and
health risk protection throughout the last decades. However, the ultimate decision to promote water
reuse is dependent on economic, regulatory, public policy, and, more importantly, public acceptance
factors reflecting the water demand, safety, and need for reliable water supply under local conditions.

A recent market forecast of Global Water Intelligence (Desalination Markets 2016) shows that
water reuse will likely grow faster than desalination over the next five years. Technology is playing a
critical role as an enabler of water reuse and diversification of water reuse practices, as demonstrated
by several cornerstone projects described within this chapter. Increasing concerns of water scarcity,
climate change impacts and promotion of circular economy are becoming major drivers for the
increasing use of recycled water in the years ahead.

With the fast growth of water reuse, the major challenges for its successful implementation are
changing. In the early 2000s, for example, economic and financial challenges were reported as
the main barriers to water reuse. Technical challenges were, and still are, considered to be the less
important obstacle. Nevertheless, with new, more stringent regulations and requirements — which are
impossible or too expensive to implement in practice - technical challenges are becoming a major
issue, providing large opportunities for innovation.

414 EXERCISES

4141 Multiple choice test
Instructions: Please read each question carefully and then select the letter of the correct answer! Only
one answer is correct!

(1) Water reuse could be the most competitive option to mitigate water stress in the following
conditions:
(@) Existence of water reuse regulations
(b) Needs for water transfers for neighbouring river basins
(c) Avoiding water conservation measures
(d) Expansion of agricultural lands and food production
(2) What are the most important factors/components for the success of water reuse projects?
(@) Water conservation policies, water reuse regulations and standards
(b) Availability of wastewater treatment technologies
(c) Financial and political incentives
(d) Public acceptance and education
(3) Which water reuse application requires the least treatment for reuse?Toilet flushing
(@) Aquifer recharge
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(b) Agricultural irrigation
(c) Industrial reuse
(4) Which of the following contaminants are not critical for water reuse safety in terms of health,
environmental, agronomic and technical risks?Suspended solids
(@) Nitrates
(b) Salinity
(c) Redox potential
(5) Which of the following contaminants cannot be removed by conventional tertiary treatment?
(@) Turbidity
(b) Dissolved solids
(c) Viruses
(d) Bacteria
(6) Why do membrane technologies have a key role in high-quality water recycling around the
world?
(a) Affordable costs and easier operation
(b) Possibility for easy to verify virus log removal
(c) Physical barrier to microorganisms (viruses, bacteria and protozoa) and dissolved matter
(d) High public acceptance and trust in reliability

Exercise 4.1: Estimate the UV dose needed to disinfect filtered secondary effluent according to the
regulatory requirements of 4 log removal of MS2 phages (an indicator of the most resistant viruses and
microorganisms) on the basis of the bench (collimated beam tests) and pilot scale shown in Figure 4.9.

What are the main factors influencing the difference between bench (collimated beam tests) and
pilot scale results? What UV technology will you recommend for this application?

Exercise 4.2: Define the transferred ozone dose needed to disinfect secondary effluents to comply
with the Spanish standards for non-restricted irrigation with recycled water of <200 E. coli/100 mL,
in the case when the inlet coliform concentration is 6 logs (10° E. coli/100 mL). The results of the

8
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Figure 4.9 Bench and pilot-scale results of inactivation of MS2 phages.
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Table 4.3 Pilot plant results of ozonation of filtered secondary effluents.

0Ozone transferred Concentration of E. coli/100 mL Log removal -log,,
dose, mg/L Secondary effluents Inlet of the ozone bubble column (N/No)

1 32000 500 1.81

2 360 000 900 2.60

3 530000 300 3.25

4 1500000 410 3.56

5 280000 50 3.75

10 250 000 2 5.10

pilot plant study are shown in Table 4.3. What should the full-scale ozone dose be, assuming an ozone
transfer efficiency of 85%?

Exercise 4.3: The withdrawal permit for irrigation of the agricultural area in the Green Valley
will expire in three years. Local authorities informed the irrigation consortium that the permit for
irrigation will be not renewed due to the severe overexploitation of the local aquifer. The irrigation
areas and the main categories of cultivated crops are shown in Figure 4.10.

Two kinds of irrigation systems are implemented (recent rehabilitation): (1) sprinkler irrigation for
the maize and potatoes, and (2) drip irrigation for the other crops (fruit trees and vegetables). Irrigated
fields are located at a distance of 9 km from an existent wastewater treatment plant with conventional

Distribution pipeline 9 km

City WWTP

Type of irrigated crops Cultivalt‘t;d area,
Avocado 25
Citrus trees (orange, lemon) 160
Maize (corn) 170
Potato 200
Vegetables -
asparagus 5
carrots
cucumber 15 Irrigated area
tomatoes 25

Figure 4.10 Scheme of the water recycling project and the cultivated areas (total irrigated area of 602 ha).
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activated sludge treatment. The plant’s average daily capacity is 100 000 m3/d and the discharge
consent (95%ile) is 30 mg/L suspended solids and 25 mg/L BOD;. The water quality requirements for
the use of recycled water for agricultural irrigation are as follows:

+ Crops eaten raw: <0.1 helminth/L, <100 E. coli/100 mL, turbidity <10 NTU, suspended solids
<20 mg SS/L
No contact, cooking, pasture: <0.1 helminth/L, 1000 E. coli/100 mL, <35 mg SS/L
Drip irrigation, fodder, nurseries: <0.1 helminth/L, 10* E. coli/100 mL, <35 mg SS/L

The main task of the exercise is to evaluate the costs and benefits of the water reuse option by
means of a multi-criteria analysis and select the most cost competitive and easy to operate tertiary
treatment for the production of recycled water for irrigation. The sub-tasks are as follows:

(@) Calculate the Aydraulic loading rate for irrigation and the associated daily water demand:
(1) Calculate the net irrigation requirements (depending on the type of crops and leaching
requirements)
(2) Calculate the irrigation hydraulic loading rate, taking into account water efficiency of
irrigation methods
(3) Calculate the daily water volume required for irrigation on the basis of the area of the
irrigated fields
(b) Define the level of disinfection of recycled water for irrigation of cultivated crops and propose
the appropriate tertiary treatment
(1) Analyse water reuse regulations
(2) Identify the required level of disinfection for each type of cultivated crop
(3) Define the recycled water quality to be provided for irrigation, and explain the main
criteria for the choice and why only one treatment should be applied
(4) Select an appropriate tertiary treatment scheme (one-two alternative options)
(c) Evaluate economic and social dimensions of water reuse (multi-criteria analysis)
(1) Identify the potential benefits of the use of recycled water for irrigation, including avoided
direct and indirect costs and environmental impacts
(2) Discuss the economic viability of the project
(3) Discuss social dimensions of water reuse, including public acceptance, public education,
market strategies, and so on. When should public communication start?

The characteristics of the irrigated fields are given in Table 4.4. The growth period is assumed to be
the same for all crops (six months), and the agronomic parameters of wastewater are in an acceptable
range. Irrigation efficiency is 65% for sprinkler irrigation and 85% for drip irrigation.

The hydraulic loading rate for irrigation L,, is the water that is consumed through evapotranspiration
(ET,), leaching and water losses in distribution systems. Evapotranspiration (ET,) depends on the
type of crops and is calculated from the reference evapotranspitation (mm/unit of time), which is
influenced by climate conditions and the crop coefficient K, - K, varies from 0.04 to 1.27 as a function
of crops.

Hydraulic loading rate is calculated using the following equation:

L, = NR/(E;/100) = (ET. — P)(1 + LF/100)(100/E;) 4.1)

where NR is net irrigation requirement (mm/unit of time) NR = (ET, - P) (1 + LF/100); ET, - crop
evapotranspiration, mm/unit time; P - precipitation, mm/unit time; E; - irrigation efficiency, %; LF -
leaching fraction defined previously, %.

To simplify the calculation, it is recommended to use the water requirements (ET, — P) from Table
4.4, which take into account crop requirements, precipitation and evapotranspiration. The repartition
of water demand is assumed to be uniform during the growth period. In fact, water demand increases
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Table 4.4 List of crops grown by the farmers and their water requirements.

Type of crop Water requirements, Sensitivity to water Leaching fraction,
mm/growing period (ET;-P)  supply %

Avocado 1000 Medium high 40

Citrus trees (orange, lemon) 1200 Low to medium-high

Maize (corn) 800 High

Potato 700 Medium high

Vegetables:

Asparagus 10002 High? 0

Carrots 80

Cucumber 20

Tomatoes 20

aTo facilitate the exercise, the water requirements are assumed to be the same during the irrigation period.

with plant growth to reach its maximum at mid-season. On the basis of the calculated hydraulic
loading rates in mm/day, the quantity of irrigation water must be calculated in m3/d in order to design
the hydraulic capacity of tertiary treatment.

The most common treatment schemes enabling the achievement of various levels of disinfection of
secondary effluents are illustrated in Figure 4.11.

Conventional tertiary

Conventional secondary treatment Water Reuse Regulatnonsﬁ
treatment - WHO
. <1000 E.coli/100 mL
Disinfection (UV/O,)
| =Ll
Physico-chemical \ Maturation ponds )

<100 to <200 E.coli/100 mL

i~

Activated sludge

\ ’ <10 E.coli/ 100 mL
ks ! <2,2TC/100 mL
High rate clarification + Filtration + Disinfection )

Membrane systems

( <10 E.coli/ 100 rE
‘ Disinfection (UV/O,) <2,2 TC/100 mL
>
Q
Loy <
<100 to Tertiary UF or MF + Disinfection
<200
Membrane E.coli/100 L
. mL J
bioreactor (MBR) \ Filtration + Tertiary UF or MF + Disinfection ) /

Figure 4.11 Selected tertiary treatment trains enabling to achieve various disinfection levels.
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Direct cost comparison of wastewater treatment capital and operations costs is characterised by
great uncertainty and imprecision due to the strong influence of technical and local conditions, various
patterns of fund granting, different treatment targets and large variations of plant size. The most
important consideration regarding wastewater treatment costs is that over the operational lifetime
of the given sewage treatment plant, the operation and maintenance costs (O&M costs) may be as
important as or even higher than constructions costs, in particular for advanced tertiary treatment.

For this exercise, it is proposed to evaluate the economic viability on the basis of the life cycle costs
of additional treatment and pipelines from the treatment plant to the irrigated areas. It can be assumed
that the Capex of the tertiary treatment by filtration and UV for such a high treatment capacity is 3.7
million €, plus the Capex of the distribution system of 7.2 million € (at the basis of the cost of pipelines
in a rural area of 800 €/mL, linear meter). Life cycle costs were estimated at 0.05 €/m3. The costs of
pumping stations and storage reservoirs are not included. As a rule, the cost of pumping stations is
negligible compared to the cost of the distribution network and the most common storage reservoirs
for agricultural irrigation are constructed using only soil excavation and impermeabilisation (open
reservoirs similar to lagoons, in many cases receiving also rain and surface water).

One of the most important parts of this exercise is to evaluate the potential benefits of the use of
recycled water for irrigation, including avoided direct and indirect costs and environmental impacts.
It would also be relevant to discuss the pricing strategy of the project, assuming that farmers did not
pay for irrigation water or had fresh water fees of 0.02 €/m3. The economic benefits could be related
to the revenue effects on agriculture of water shortage and/or water supply cut that can occur during
the next years. In several cases, only water reuse can provide a drought proof alternative resource for
irrigation, enabling farmers to maintain agricultural activities. For example, each crop is characterised
by a given income multiplier from 1.2 to 2.5, meaning that a 1€ change in farm-gate revenue results in
a 1.2-2.5€ revenue change in the overall regional economy. As a rule, fruits have the highest multiplier
among all crop categories.

Exercise 4.4: Two methods of tertiary treatment are being considered for golf course irrigation using
conventional high load activated sludge and activated sludge with nitrogen removal, filtration and
disinfection. Nutrient level ranges are 25 + 10 and 7 + 5 mg N,,,/L for the first and second option,
respectively. In general, turf grass requires up to 16 nutrients, from which nine are needed in much
larger quantities (macronutrients, including carbon, hydrogen, oxygen, nitrogen, phosphorus,
potassium, calcium, magnesium, and sulphur). Nitrogen applications occur more frequently and in
larger quantities than any other fertiliser-supplied nutrient because plants require more nitrogen and
it is typically the most yield-limiting nutrient. Treated wastewater could provide a great part of the
needed nitrogen and a part of some of the other macronutrients. For this exercise, it is necessary to
estimate the fertilisation capacity of recycled water for the irrigation of 10 ha for each option in kg
N/ha, assuming a water requirement for irrigation of 700 mm per year for an irrigation period of four
months and recommended fertilisation rate in the range of 40-50 kg N/ha per month. Evaluate and
discuss the feasibility, advantages and disadvantages of each option.

Exercise 4.5: The use of disinfected tertiary effluents is planned for a golf course with a total area
of 24 ha. One pond on the golf course will be used for the storage and supply of recycled water to
alleviate the effect of peak water demand and minimise the cost of the distribution system. Calculate
the required volume of operational storage to cover the peak irrigation demand for 3 days without
recycled water supply. The allowed timing for irrigation is only during the night, between 22h00
and 4h00. During the peak daily demand, 10 mm of water is applied in a 2 h duration every day for
irrigation of the total area, which is equally divided into three areas. Evaporation and irrigation
efficiency will be not taken into account. Discuss the result and feasibility of such storage.

Exercise 4.6: A large municipality has upgraded its wastewater treatment plant with a conventional
activated sludge system for nitrogen removal, followed by sand filtration and UV disinfection to meet
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a very stringent standard of <10 E. coli/100 mL for unrestricted agricultural irrigation. The total
capacity of the plant is one million person equivalents (p.e.) and dry weather flow of 350 000 m3/d,
with the annual capacity for the production of high-quality recycled water of 124 million m3/yr. The
amount of water required for the irrigation of 15 000 ha of rice and corn is 500 mm for three months
of growing period. The pumping cost of recycled water for three months of operation is 30 000 €/yr.
The fertilising value of recycled water can be assumed to be 0.04 €/m3. In the past, farmers were using
surface water for irrigation, free of charge. Calculate the right sale price of recycled water for farmers,
if the total O&M cost of 0.12 €/m3 of the plant should be covered only by the agricultural use, as well
as the recycled water pumping cost. Discuss the willingness and ability of farmers to cover this cost
and propose other strategies to ensure the economic viability of this project.

4.15 DISCUSSION QUESTIONS

4.15.1 Planning and evaluation of the feasibility of water reuse

Question 4.1 (drivers and market analysis): A city of 300 000 p.e. is evaluating the feasibility of
providing recycled water to a golf course, which currently has its own wells for irrigation. What data
or information do you need as a basis for feasibility analysis? What are the key criteria that could
favour the replacement of groundwater by recycled water?

Question 4.2 (regulations, health protection and economic viability): A new regulation is under
discussion to design water recycling systems for agricultural irrigation based on tolerable drinking
water health risk with no detectable E. coli/100 mL and demonstration of 6 log removal of adenovirus,
one of the most resistant pathogens to UV irradiation. The average total annualised cost of treatment
and monitoring to consistently achieve such stringent standards compared to WHO (2006) guidelines
is estimated to average 0.5 €/m? for large projects (10 000 m3/d) versus 0.05-0.1 €/m3. The additional
log removal credit of recycled water storage in open reservoirs and other health protection measures
during recycled water application are not taken into account. Discuss the pros and cons of such
stringent regulation considering various factors involved in implementing a water reuse project, as
well as the economic viability (who should cover the extra cost).

Question 4.3 (technology, economy): As the innovation manager of a large water utility, you are in
charge of reorganising the existing water infrastructure from its current situation to a more circular
approach within a timeframe of 15 years. The current wastewater treatment infrastructure comprises
two very large-scale wastewater treatment plants, with capacities of 400 000 and 500 000 p.e., both of
which use conventional activated sludge plants of 400 000 and 350 000 p.e. In addition, it comprises
more than 50 small size WWTPs with capacities between 500 and 1500 PE. You are asked to give a
presentation to the board of directors in which you evaluate the current status and justify your master
plan. Where would you focus in terms of choice of technology, location (i.e., which WWTP to focus
on) and which resources to target? What are your key considerations/motivations?

4.15.2 Water reuse technologies

Question 4.4 (centralised versus decentralised treatment, technical-economic evaluation): A middle
size municipality is proposing to construct a dual water recycling system to secure the increasing
water demand and climate change impacts. The city is located on the Mediterranean coast and the
total population served in summer is over two times higher compared to the low tourist season in
winter. Collected wastewater is treated in one centralised wastewater treatment plant with a total
capacity of 200 000 p.e., designed for only carbon removal using activated sludge. The plant is also
receiving sewage from several decentralised on-site septic tanks of large hotel and tourist complexes.
What water quality and level of treatment will you recommend to the city council? What would
be the main options to consider: dual distribution system or decentralised treatment? Discuss the
constraints and benefits of each option.
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Question 4.5 (selection of water recycling treatment options): Recycled water will be used for park
irrigation and toilet flushing. Based on the information in Figure 4.3, what types of processes should
be considered for tertiary treatment of secondary effluents? What would be the best option if an MBR
is used for secondary treatment? Explain and discuss the solutions you are proposing.

Question 4.6 (evaluation of water quality and selection of complementary treatment for water reuse):
A new centralised wastewater treatment plant is constructed employing MBR treatment with nitrogen
removal. The municipality is planning to make the high investment profitable by implementing a
water reuse project for direct aquifer recharge to control seawater intrusion. What should the recycled
water quality be, and what additional treatment and complementary studies are needed to develop
this project?

4.15.3 Water reuse applications

Question 4.7 (irrigation versus in-building recycling): Compare the similarities and differences
between the two case studies of agricultural irrigation in Adelaide, Australia and in-building water
reuse in Tokyo, Japan in terms of water quality and treatment requirements, the key to success, as well
as major challenges.

Question 4.8 (industrial uses): A refinery is considering the use of municipal recycled water for
boiler feedwater. A water reclamation plant is located in close proximity, and currently it is producing
tertiary treated recycled water for landscape irrigation. Discuss what additional treatment should be
provided and what key water quality parameters should be considered.

Question 4.9 (environmental and recreational uses): Environmental and recreational uses are quite
similar as their key function is the discharge of treated wastewater to the receiving water body. What
factors differentiate this type of reuse from a wastewater discharge? What are the major benefits and
constraints for wide implementation of this kind of reuse? How do you see the growth of this type of
reuse in the future and in what regions?

Question 4.10 (indirect potable reuse): Many communities currently use surface water sources that
contain significant amounts of wastewater (de facto indirect potable reuse). Discuss and compare the
health risks between planned indirect potable reuse and incidental (de facto) potable reuse? If you
are a decision maker, what are your recommendations to manage the increase of the de facto indirect
potable reuse in the future due to population growth and climate change?
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AL Anaerobic lagoon

AnMBR Anaerobic membrane bioreactor

BMP Biochemical methane potential
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CAL Covered anaerobic lagoon

CHP Combined heat and power

COD Chemical oxygen demand

EGSB Expanded granular sludge bed reactor
FOG Fat, oil and grease

HRT Hydraulic retention time

IC Internal circulation reactor

LNG Liquefied natural gas

OLR Organic loading rate

PHB Polyhydroxybutyrate (renewable plastic)
PFR Plug flow reactor

UASB Upflow anaerobic sludge blanket reactor
UV - Vis Ultraviolet - Visible

TAN Total ammonical nitrogen
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TKN Total Kjeldahl nitrogen
TS Total solids

TSS Total suspended solids
VFA Volatile fatty acids

VS Volatile solids

VSS Volatile suspended solids
WAS Waste activated sludge

5.1 INTRODUCTION

Anaerobic digestion (AD) is a complex biochemical process where organic matter decomposes in the
absence of oxygen to produce biogas (methane and carbon dioxide) and residual digestate (stabilized
organic matter). AD is currently the most successful application of resource recovery technology
used in urban water management and particularly wastewater treatment. From a waste treatment
perspective AD has multiple advantages over aerobic treatment and composting processes in that AD
does not require aeration energy and does not generate large volumes of microbial sludge (Batstone
& Jensen, 2011). AD also has advantages over common thermal processing technologies such as
incineration in that AD can be applied to both wet and dry wastes without large energy inputs. The
methane content of biogas has the potential to be an important source of renewable energy. Captured
biogas can be burned in boilers, engines or combined heat and power (CHP) units to generate heat
and/or electricity, therefore AD processes are generally considered as net-energy producing rather
than net-energy consuming; and this has driven the expansion of AD applications beyond waste
treatment technology into a dedicated renewable energy technology where energy crops are grown
specifically as feedstocks for biogas plants.

Anaerobic digestion is a highly flexible and broadly applicable technology. There are successful
full-scale installations treating sewage, manure, agricultural residues, mixed municipal wastes, food
processing residues, beverage wastes, paper and textile industry wastes, energy crops and others.
Anaerobic digestion can be applied at a single household scale or at large industry scales up to and
exceeding millions of EP and generating hundreds of GWh electricity per year.

The design, operation and interpretation of engineered anaerobic processes has greatly advanced
over the last 30 years. This improvement is based on improved understanding of underlying concepts
such as the microbial functions and dynamics; and physico-chemical interactions. As such, AD
technology is often implemented to operate stably and reliably without intervention. The process itself
has: (i) multiple microbial steps, mediated by different organisms; (ii) different metabolic steps that
can be rate limiting under different feedstock loads or process conditions; (iii) interaction with the
physicochemical system, particularly weak acid and base inhibition of microbial processes, and (iv)
nonlinear behaviour, particularly with respect to pH regulation and inhibition.

Feedstocks for anaerobic digestion can be highly variable in terms of biological characteristics,
including biogas potential and speed of degradation; and in terms of physical characteristics
including strength and materials handling properties. This variability occurs both within
wastewater applications where upstream processes have a significant impact on waste sludge
and more broadly where AD is applied for co-treatment or organic wastes from other industries.
Similarly, anaerobic digestion can be implemented using a broad range of reactor configurations
and process complexity. Therefore, application of anaerobic technology needs careful thought to:
(i) determine and understand the viability of the process; (ii) select the most appropriate technology
for the application; and (iii) achieve an optimally engineered process for a specific application.
This chapter provides an introduction into the fundamentals of anaerobic digestion, feedstock
characterisation and presents some guiding principles for the selection, design and operation of
anaerobic processes.
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5.2 LEARNING OBJECTIVES
At the completion of this chapter you should be able to:

+ Describe the four main biological steps of the anaerobic digestion process and the sequence in
which they occur.

- Estimate the theoretical biogas yields for anaerobic digestion feedstocks with different
compositions.

- Explain the parameters used to estimate practical methane potential of complex substrates and
outline procedures to determine these parameters.

+ Describe commonly applied forms of anaerobic digestion technology, including the advantages,
disadvantages and typical application areas of each technology.

- Use waste characteristics, selection diagrams and site-based constraints to select appropriate
forms of anaerobic digestion technology for a described application.

- Set a design basis for anaerobic digestion technologies, conduct preliminary reactor sizing and
calculate performance predictions.

+ List ancillary equipment required to support the AD process, including common options for
materials handling, materials transport and dewatering.

« Design a monitoring program for an AD processes. Use process data to calculate key performance
measures and assess against performance expectations.

- Identify when a process is not operating at optimal capacity and use decision trees to troubleshoot
the process.

5.3 CONCEPTUAL OVERVIEW OF ENERGY RECOVERY THROUGH ANAEROBIC DIGESTION

5.3.1 Fundamental principles of anaerobic digestion

Anaerobic digestion proceeds through a series of parallel and sequential interdependent reactions,
carried out by a complex and diverse microbial community (Campanaro ef al., 2018; Kirkegaard et al.,
2017; Vanwonterghem et al., 2016). All microbial growth requires energy, which is generated by the
flow of electrons between molecules undergoing oxidation (electron donating) and reduction (electron
accepting) reactions. As opposed to aerobic wastewater treatment technologies, the anaerobic
digestion process occurs in absence of an external electron acceptor (e.g., O,, NO;~, SO,?-) (Batstone
& Jensen, 2011). The provision of appropriate internal electron acceptors relies on the syntrophic
relationships between the electron producer and the methanogenic electron consumer. The reactions
occurring during the anaerobic digestion process have been typically grouped into four steps: (i)
hydrolysis, (ii) acidogenesis, (iii) acetogenesis and (iv) methanogenesis (Figure 5.1).

Hydrolysis is an enzyme-mediated process, which decomposes particulates and polymeric substrates
that cannot be directly utilized by the anaerobic microorganisms. Polymers, such as carbohydrates,
proteins, and lipids are broken down into their monomers (i.e., sugars, amino acids, and long chain fatty
acids) using a wide range of extracellular enzymes (e.g., cellulases, amylases, peptidases, and lipases).

Acidogenesis, also known as primary fermentation, converts hydrolysis products into intermediate
compounds, such as volatile fatty acids (VFA), alcohols, lactate, formate and hydrogen. Typically,
sugars and amino acids undergo fermentation, while long chain fatty acids can only be oxidized
anaerobically (mainly g-oxidation).

Acetogenesis, or secondary fermentation, is the degradation of fermentation products to acetate
using an external electron acceptor, such as the hydrogen ion or bicarbonate.

Methanogenesis is the production of methane from acetate, hydrogen, formate and carbon dioxide,
generated during previous fermentation processes. Methanogenesis is carried out through two distinct
pathways: acetoclastic methanogenesis, where acetate is cleaved into methane and carbon dioxide
(CH;COOH—CH, + CO,) and hydrogenotrophic methanogenesis where hydrogen (electron donor)
and carbon dioxide (electron acceptor) produce methane (4H, + CO,—CH, + 2H,0).
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Figure 5.1 A schematic of key anaerobic digestion reactions, progressively breaking down composite particulate
wastes into soluble intermediate products and ultimately into methane (adapted from Van Lier et al. 2008).

AD processes are categorized into three temperature ranges: psychrophilic (up to 15°C); mesophilic
(25-40°C) and thermophilic (50-70°C) (Batstone et al., 2002). Temperature has a strong impact on the
biological, chemical and physical processes that occur during AD. In particular, temperature impacts
the growth rate of AD microorganisms and the reaction rates of metabolic processes. Importantly,
temperature can impact the different stages of AD in different proportions and can therefore impact
the balance between acid-producing steps and acid consuming steps, thus changing the risks
associated with process overload and inhibition. Mesophilic AD processes support the largest range
of microorganisms and therefore have the most diverse microbial communities. This diversity allows
a higher degree of microbial redundancy that can improve process robustness. Thermophilic AD
reaction rates are typically faster than mesophilic reaction rates, however thermophilic processes
have less diverse microbial communities, can be less stable and are more susceptible to ammonia
inhibition (see section 5.3.5). Psychrophilic AD reaction rates are generally slower than mesophilic
reaction rates, methanogenesis in particular is slower under psychrophilic conditions and this can
create difficulties in managing AD of rapidly degrading materials where organic acids can readily
accumulate. More detailed information on the impacts of temperature on AD are presented by
Batstone and Jensen (2011).

5.3.2 Characterizing feedstock and methane potential
The feasibility, design and operation of anaerobic digestion systems requires the measurement of a
range of physical, chemical and biological parameters. Feedstock composition is a key parameter



Established full-scale applications for energy recovery from water 103

that impacts both the metabolic pathways required for anaerobic degradation and the degradation
end products. During anaerobic degradation of organic material, electron transfer occurs between
carbon atoms such that organic carbon is both oxidized to CO, and reduced to CH,. The ratio of CH,
to CO,, and therefore the theoretical biogas yield of a feedstock, is related to the chemical structure
and oxidation state of the carbon.

Two common analytical parameters used to describe the concentration of wastewater and other
organic wastes are the chemical oxygen demand (COD) and volatile solids (VS). The COD describes
the amount of oxygen needed to completely chemically oxidize the material and is expressed as g
0O,kg! (or gO,-L1). Stoichiometrically, 350 L (0°C, 1 atm) of methane is possible for each kilogram of
COD in the feedstock. The VS is an estimate of the amount of organic material in the waste, defined
as the amount of matter in a dried sample that is lost at a temperature of approximately 550°C in air
(APHA et al., 2005), and is expressed as gVS kg (gVSL).

There is no direct universal stoichiometric relationship between VS and methane potential. The
relationship between COD and VS of a sample is used to assess the energy density (oxidation state)
of a feedstock and therefore the theoretical methane potential and biogas composition. Table 5.1
shows the theoretical methane yields and biogas compositions for a range of model organic substrates.
Wastewater sludge can be described as a mixture of the macro-components in Table 5.1. Nopens et al.
(2009) fractionates sludge as 33% carbohydrates, 33% proteins and 33% lipids, however this ratio will
vary depending on the intake catchment and the upstream processes.

In practice, biogas production is lower than the theoretical yields shown in Table 5.1. This is due to
multiple factors including:

+ Sludge and other complex feedstocks contain compounds which are not anaerobically degradable,
such as lignin or some forms of endogenous cell debris. Non-degradable materials do not degrade
and depending on the physical structure of the material, the presence of non-degradable material
can also prevent microorganisms contacting and degrading other compounds;

- Insufficient reaction time to allow for complete degradation of biodegradable organic matter.
Typically, 80-90% of biogas potential is recovered in well-designed processes;

« Growth of anaerobic microorganisms. Typically, 5-10% of the organic material degraded is
converted into anaerobic biomass;

« Unfavourable environmental conditions in the reactor.

Practical estimates of methane potential are based on experimental anaerobic biodegradability
assays, such as biomethane potential (BMP) tests. These assays are used to determine the ultimate
methane potential (B,), which represents the maximum volume of methane that can be produced from
a specific sample. BMP tests also provide the following important information about the material

Table 5.1 Theoretical characteristics of model substrate components (van Lier et al., 2008).

Substrate Formula Carbon Content COD/VS Theoretical Theoretical Biogas
(g C/g VS) (g COD/g VS) Methane Yield Composition?2
(mL CH,/g VS) (% CH,)
Carbohydrate (CeH;005), 0.444 1.19 415 50
Protein® C;H,NO, 0.531 142 496 50
LipidsP C5HygOp 0.756 2.88 1007 71
Ethanol C,H,0 0.522 2.09 730 75
Propionic acid C;H,0, 0486 1.51 530 58
Acetic acid C,H,0, 0.400 1.07 373 50

agstimated based on stoichiometry and not considering any physico-chemical reactions in the process.
bStandard average formula has been applied. There are multiple compounds in this category with different formula.
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Figure 5.2 Example of batch biochemical methane potential assay (Angelidaki et al., 2009).

under study: (i) anaerobic biodegradability (f;), which is the fraction of COD that can be converted to
methane and (ii) the apparent first order hydrolysis rate coefficient (k,), which represents the speed
of degradation (day!) (Angelidaki et al., 2009; Holliger et al., 2016; Lesteur et al., 2010). BMP tests are
batch experimental assays (Figure 5.2) where a known mass of test sample is combined with anaerobic
inoculum containing active anaerobic biomass. There are multiple variations of the BMP assay where
the selection of inoculum, the inoculum-to-substrate ratio, the addition of nutrient medium, mixing
regimes and storage temperature are key experimental design parameters. In all tests, the volumetric
biogas production and biogas composition are measured at regular intervals to generate a methane
production curve (Da Silva et al., 2018; Holliger et al., 2016). Sewage sludge BMP tests generally
take 30-40 days to complete at 35°C, however timing is dependent on the particular sewage sludge
and experimental conditions used, therefore monitoring should continue until biogas production is
exhausted. An example result from a BMP test is shown in Figure 5.3, while Figure 5.4 shows several
examples of ultimate methane potential (B,) and biodegradability (f,) for sewage sludge compared to
different organic wastes. Data from BMP testing together with the COD and VS measurements are the
most frequently used parameters to design and monitor full-scale anaerobic digesters, as described in
more detail in section 5.3.4.

In BMP tests examining the properties of particulate wastes such as sewage sludge, hydrolysis is
expected to be the rate limiting step. Hydrolysis is a first order process, therefore, data obtained from
BMP assays is typically fitted using a first order kinetic model, as shown in Equation (5.1). For waste
or wastewater streams where a high fraction of the organic material is soluble, hydrolysis is no longer
the key limiting step and Monod kinetics are commonly applied:

Sea =B, (1 - e”““yd") (5.1)

where B, is the ultimate methane potential of the substrate, S is the concentration of substrate, &y, 4 is
the apparent hydrolysis rate coefficient (for solid or particulate substrates).

As a microbial process, AD can be impacted by a range of unfavourable environmental conditions,
or compounds with inhibitory or toxic effects. Where required, more complex modelling may be
applied to determine specific inhibition characteristics of a waste material, such as the inhibition
constant (K;). There are a broad range of inhibitory compounds, examples include ammonia, organic
acids, heavy metals, and sulphide. The inhibition concentrations for these compounds vary, as does
the mechanism through which the microbial cells are impacted. Therefore, different mathematical
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Figure 5.4 Examples of ultimate methane potential for different feedstocks.
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equations must be used to represent the inhibition impact. Equation (5.2) is used for non-competitive
inhibition and is most commonly applied to AD. A first order model with inhibition function is shown
as Equation (5.3). For soluble compounds, Monod kinetics would be an alternative approach for
modelling BMP results. Monod kinetics with an inhibition function is shown in Equation (5.4):

_ K; (5.2)
K, +S;
deCtH‘* — RyyaSI (5.3)
dScha _ Bk, 1 I (5.4
dt "1+ Ks/S

where k4 is the apparent hydrolysis rate coefficient (for solid substrates), k,, is the maximum substrate
uptake rate (for soluble substrates) and K is the half saturation constant (i.e., the concentration where
substrate is uptake is 50% of the maximum). I is the inhibition function and represents the impact on
microbial activity. K; is the inhibition coefficient and represents the concentration of the inhibitory
compound where activity is 50% of the maximum and S, is the concentration of the inhibitory
compound.

5.3.3 Overview of anaerobic digestion technologies

AD is a highly flexible and broadly applicable technology with installations treating sewage, manure,
agricultural residues, mixed municipal wastes, food processing residues, beverage wastes, paper and
textile industry wastes, energy crops and others. These different waste streams have different material
handling properties and different degradation characteristics. AD is applied in household, industrial,
rural and urban settings, each with different space considerations and operating requirements. A
broad range of reactor designs have been developed to meet the different challenges associated with
different AD applications.

5.3.3.1 Lagoon-based anaerobic technologies

Anaerobic lagoons (ALs) are large engineered earthen basins that represent a relatively low-cost
treatment option with respect to both capital cost and operating expenditure. Typical anaerobic
lagoons have a depth of 3-8 m and may occupy footprints exceeding 50 000 m2. The bottom of the
lagoons is generally maintained at 1-2 m above the local water table, and is lined with impermeable
materials such as clay, to prevent groundwater seepage. The slope on internal and external banks
varies according to geotechnical properties of the earth, generally a stepper batter is desired to limit
the footprint of the lagoon. Anaerobic lagoons may be open, where methane is released into the
atmosphere and fugitive GHG emissions are high, or designed to be totally or partially covered with a
geo-membrane cover that enables biogas collection and use. Anaerobic lagoons are typically operated
with very limited external control (e.g., temperature, pH, mixing or aeration) and are therefore largely
impacted by the local climate and flow conditions. Because of the large volumes, process correction
under failure can be extremely expensive or impractical. Treatment lagoons are most suitable for
warmer tropical climates, but can still operate effectively in temperate and colder climates if sized
appropriately.

The treatment process in ALs relies on the removal of suspended solids via sedimentation and the
subsequent degradation of settled organic material (see Figure 5.5). Traditionally, design of ALs has
been heavily based on the hydraulic retention time (HRT), organic loading rate (OLR) and operating
temperature (Mara & Pearson, 1998; Pefia et al., 2000). Designing ALs with long HRT is common in
some applications, such as when treating highly concentrated waste streams, or when treating slowly
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Figure 5.5 Schematic representation of a covered anaerobic lagoon. The boxes describe possible status of offtake
pipes for anaerobic lagoons.

degrading manures or constructing lagoons in cooler climates. However, sedimentation processes
and the resulting separation of HRT and SRT provides some flexibility in process design. High rate
anaerobic lagoons can operate at HRT of 1-2 days but still achieve an extended SRT of years. High
rate lagoons are applied in warmer climates, and for the treatment of less concentrated wastes, such
as domestic sewage.

Sedimentation processes are essential for successful lagoon operation, particularly at shorter
HRTs, however sedimentation can reduce the contact between fresh waste and active biomass and
also result in progressive sludge accumulation and the need for manual sludge removal operations
called desludging. The frequency of desludging requirements ranges from years to decades depending
on the OLR of the lagoon and the portion of non-degradable solids in the feed stream. The cost
and disruption of desludging operations has led to the development of innovative lagoon and cover
designs such as the installation of piping systems, generally near the bottom of the lagoon, that enable
continuous or periodic withdrawal and/or recirculation of sludge. Recirculation is not critical for the
operation of an AL, but can improve the sludge-biomass contact and can therefore improve process
performance.

5.3.3.2 High rate granular technologies

High-rate granular technologies are an intensified form of AD technology based on engineered
bioreactors that occupy a much smaller footprint and offer much better controllability compared to
lagoon-based processes. High-rate granular technologies operate with short HRTs and extended SRTs.
This is achieved by integrating solids retention within the main digester in the form of anaerobic
granules. Anaerobic granules are self-supporting particulate biofilms formed by auto-immobilisation
of anaerobic bacteria in the absence of a structural carrier or support material. The granules consist
of the symbiotic anaerobic microorganisms that work together for the methanogenic degradation of
organic matter.

The most common example of high-rate anaerobic granular technology is the upflow anaerobic
sludge blanket (UASB) reactor, which relies on a naturally forming blanket of granular sludge (particle
size >1 mm). A typical UASB reactor contains three primary zones. The bottom zone is the reaction
zone. Wastewater enters the UASB through the bottom of the reactor and into the reaction zone.
Here the wastewater percolates through the sludge blanket in an upward flow path (Figure 5.6a).
Liquid upflow velocities of 0.5-2 m.h-! are applied to promote granule formation and therefore
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Figure 5.6 (a) schematic demonstrating the internal structure of a UASB; (b) a UASB installation for the treatment
of brewery wastewater in Queensland, Australia.

biomass retention. However, the upflow velocity must be managed to prevent washout of biomass
granules. The depth of the sludge blanket typically varies between 4 and 8 m. The middle zone of a
UASB reactor is the gas-liquid-solid (GLS) separation system. This zone is generally 1 2 m deep and
is designed with the dual purpose of collecting biogas produced in the bottom of the reactor, while
settling and retaining any gas entrained solids. Above the GLS separation zone is a clarification zone.
The clarification zone contains little or no biomass. The purpose of the clarification zone is to settle
fine particles and improve the effluent quality leaving the reactor.

The solid-liquid separation in UASB reactors allows for very long solids retention times (i.e., often
in the order of months), while maintaining short HRT ranging between 6 and 48 hours results in
compact reactor designs. Design variations include the addition of packing/carriers in hybrid reactors
or extended super-high rate/low footprint systems such as expanded granular sludge bed (EGSB) and
internal circulation (IC) reactors. To give an indication of the sizing and capacity of a UASB, Figure
5.6b shows a full-scale UASB designed to treat 3000 m?® of wastewater per day.

When designing high-rate anaerobic granular reactors, the volume of the reactor is based on the
organic loading rate (kg COD/m?3.d). The design organic loading rate is a function of the wastewater
characteristics, temperature and the solids concentration within the reactor. Importantly, the OLR
will have a greater impact on process stability and performance than the HRT. The geometry of
the reactor is determined in order to manage the liquid upflow velocity within the reactor and the
superficial gas velocity. Examples of common design ranges for high rate granular anaerobic processes
are shown in Table 5.2.

Table 5.2 Common design and operating ranges for high rate anaerobic bioreactors.

Reactor Type Complex Solids COD Loading Rate  HRT COD Removal Efficiency
and FOGs (kg COD/m3.d) (h) (% COD Removal)

UASB Limited (no FOGs) 2-15 6-24  65-90

Internal circulation No 15-25 1-24  65-90

Fluidized bed No 2-60 1-24 70-90

Anaerobic Membrane reactor  Yes 2-15 6-24  70-95
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5.3.3.3 Anaerobic membrane technologies

Anaerobic membrane bioreactors (AnMBRs) are an alternative high-rate anaerobic digestion
technology where biomass and suspended solids are retained in the process using diffusive membranes
rather than settling processes (Figure 5.7). The separate retention of solids decouples the SRT and
the HRT allowing for long sludge age within a compact reactor design. The use of membranes for
solids separation improves solids retention compared to granular processes. The membrane allows
AnMBRs to be applied to wastewater streams with high suspended solids content and/or poor settling
characteristics (such as high fat content wastewater) and still produce very high-quality effluent
within the compact reactor footprint. Higher levels of solids retention achieved using the membranes
can make AnMBRs more robust to load variations and can result in higher methane conversion rates.

Membrane selection, design and management is a major aspect of AnMBR design and operation.
AnMBRs may be configured using membranes submerged in the reactor, or membranes configured
as part of an external recirculation loop (Judd, 2011). Membrane area requirements are determined
based on the required permeate flow and the membrane flux.

During operation, membrane fouling is a common challenge with all membrane bioreactors. As
wastewater is drawn through the membrane, solids can accumulate on the membrane surface in a
fouling layer; this form of fouling is similar to the formation of a filter cake and increases the flow
resistance which results in higher transmembrane pressures and either increased energy demand for
filtration, reduced flux, or both. Fouling propensity varies based on a number of process characteristics
including wastewater composition, rheology, membrane style and membrane flux. In terms of
wastewater composition, fouling is more severe in applications with a high protein to polysaccharide
ratio in the waster [20, 21].

In conventional membrane bioreactors (MBRs), gas scouring is a commonly used fouling control
strategy and is achieved using aeration and coarse bubble diffusers. In an AnMBR that contains
submerged membranes, gas scouring is achieved by re-circulating biogas across the membrane.
However, in AnMBRs where the membranes are configured within a side-stream or recirculation loop,
the side-stream units can use liquid shear directly in a cross-flow configuration. The ability to operate
at a manageable trans membrane pressure (TMP) and an effective critical flux (the flux below which
fouling is maintained at steady state) is the primary factor influencing economic feasibility of membrane
processes (Lee et al., 2001). Typical operating ranges for AnMBR processes are shown in Table 5.3.

Fouling management has a critical impact on the operating costs of the process. Operating the
AnMBR at higher solids concentrations and/or at higher membrane flux will increase fouling and
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Figure 5.7 AnMBR configurations: (a) sidestream membrane bioreactor (SAnNMBR); (b) immersed membrane
bioreactor (iIAnMBR).



110 Resource Recovery from Water: Principles and Application

Table 5.3 Membrane types and basic operating conditions (Judd, 2011; Schrotter & Bozkaya-Schrotter, 2010).

Membrane Type TMP2b (bar) Fluxt (I.m-2.h-1) Permeate Recovery (%)°
Nanofiltration 5-50 10-20 40-80
Microfiltration and ultrafiltration 0.05-4 15-100 90-100

aTMP - Trans membrane pressure.
bLow-flux low pressure vs high flux high pressure.
‘Water recovered as permeate vs water lost as a waste stream (i.e., in the sludge waste).

therefore fouling management costs. However, the higher solids concentrations also increase the
concentration of active biomass within the reactor and this improves both the uptake/removal of
soluble compounds from the wastewater and the robustness of the process to variations in organic load.
Therefore, management of the AnMBR is a balance between operating costs and process performance.
AnMBRisan attractive technology due to excellent effluent quality, high tolerance to load variations,
ability to produce a solids free effluent for the purposes of reuse, and high methane conversion.
Currently, high membrane prices, membrane fouling challenges and high-cost, high-energy membrane
cleaning requirements are the main drawbacks for the AnMBR processes. However, there is continuous
development and improvement of membrane materials, membrane cleaning strategies and membrane
anti-fouling technologies which will improve the economics and attractiveness of AnMBRs.

5.3.3.4 Mixed liquor reactor technologies

Mixed liquor anaerobic reactors are one of the most common and most flexible anaerobic digestion
configurations (Figure 5.8). These technologies are most often applied to sewage sludge, energy crops,
food waste or manure digestion. The reactors are typically cylindrical (normally with recirculated gas
and/or liquid mixing) or egg-shaped (normally with mechanical mixing) and constructed of concrete,
steel or fiberglass panels. In principle, mixed liquor digesters operate as a fully mixed reactor where

Figure 5.8 Examples of mixed liquor anaerobic digesters installed at municipal wastewater treatment plants in
Australia.
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the HRT is equal to the SRT. Advantages of a well-mixed reactor configuration include the significant
reduction of sedimentation and stratification (i.e., the formation of settled sludge or floating scum layers)
which promotes better contact between active microorganisms and waste, provides better control of
scum at the top of the digesters and provides better control of temperature, pH and retention times.
However, because there is no separation between SRT and HRT, the reactors must be designed to
accommodate slow growing microorganisms. Minimum retention times under mesophilic conditions
are 4-6 days to prevent washout of methanogens, however longer retention times are desired to maximize
energy recovery and may exceed 60 days for slowly biodegradable material (i.e., cattle manure).

Process retention times are fixed based on the reaction times required to digest the organic
solids, however organic loading rates to the reactor (gCOD.L-'.d!) can vary depending on solids
concentrations in the reactor feed. Pre-conditioning steps such as sedimentation, dissolved air
flotation or gravity belt thickening are commonly applied to up-concentrate the solids content in the
reactor feed in order to maximize the reactor loading rate. In a mixed liquor reactor, the maximum
in-reactor solids concentration is approximately 4% TS (feed concentration of approximately 8% TS).
This is due to mixing and materials handling considerations and is related to sludge viscosity. Higher
feed concentrations can be achieved for highly degradable feedstocks, such as food waste; or where
pre-treatment is applied and the viscosity of the feed is altered, such as thermal hydrolysis of sewage
sludge. Mixed liquor reactors are not economically attractive when applied to dilute wastewater
streams due to the long treatment times and large reactor volumes required and the low organic
loading rates achieved from a dilute feed.

5.3.3.5 Solid phase anaerobic technologies
A wide range of municipal, industrial, and agricultural wastes have relatively high solids concentration
(above 15-20%). Solid wastes, especially lignocellulosic biomass, solid food wastes (FW), the organic
fraction of municipal solid waste (OFMSW) and some animal manures may not be suitable for
treatment in mixed liquor reactor technologies without significant dilution or pre-treatment. Solid-
phase anaerobic technologies are gaining popularity as a cost-effective technology for these wastes.
These solid-phase technologies can be applied to dewatered sewage sludge, but are not commonly
applied at domestic wastewater treatment plants.

Plug flow digesters are used to treat a semi-solid slurry (i.e., 10-30% dry solids content) in a long
tube or trench shaped reactor (Figure 5.9). Material is loaded at the front of the digester, and is moved
through the reactor in a plug flow using agitators, rakes or screws. Solid-phase plug flow reactors
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Figure 5.9 Schematic of a dry plug flow reactor (top).
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have high rates of digestion, but may require inoculation or digestate recycling to ensure sufficient
anaerobic microorganisms are present in the feed to reduce local acidification and/or souring.
Mechanical mixing is not required but can be engineered to enhance contact between the waste and
anaerobic biomass and therefore aid the digestion process. Plug flow digesters are most often applied
to treatment of agricultural solids. The SRTs and organic loading rates vary depending on feedstock,
with SRTs as short as 15 days achievable for some wastes (i.e., WAS activated sludge) and SRT over 90
days required for others (i.e., cattle manure, woody biomass).

In a leach-bed process, a solid bed of material is first loaded into a reactor, tumbler, or basket. The
reactor is sealed, and a liquid stream termed leachate is circulated through the reactor and over the
waste bed. Leachate circulation may be constant or periodic. The leachate percolates through the solid
matrix supplying microorganisms to facilitate degradation and simultaneously wash away organic
acids to prevent the inhibitory effect of local souring. The organic acids are subsequently degraded to
produce methane. In general, hydrolysis of the waste occurs on the solid bed, while methanogenesis
can occur on both the solid bed and within the leachate. The leachate may pool within the primary
reactor, or be transported through an external reactor tank designed to promote methanogenesis, as
depicted in Figure 5.10. Where an external methanogenic reactor is used, leachate recirculation rates
can be varied to control organic acid loading into the external reactor tank and maintain optimal
conditions for methane production.

Batch leach-bed reactors are generally low capital, but manual loading and unloading operations
can be labour intensive and a significant cost. It is common to use multiple reactors operating at
different points in the loading, reaction and unloading cycles to handle continuous waste production.
Continuous leach bed reactors are an alternative configuration in which the solid waste bed moves
along the length of the reactor in a plug flow pattern using similar equipment to the solid-phase plug
flow reactor. Continuous leach-bed reactors generally require much higher capital investment due to
the more complex solids handling requirements. Both batch and continuous leach-bed reactors are
currently being successfully applied at full-scale.
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Figure 5.10 Combined leach-bed and high-rate system.
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5.3.3.6 Summary of AD technologies
A summary of commonly used anaerobic digestion technologies and their main areas of application
is shown in Table 5.4.

5.3.4 Design and operation of anaerobic digestion technologies

Anaerobic digestion can be implemented using a broad range of reactor configurations and ancillary
equipment designed for optimized process performance in each specific application. Similarly, AD
can be implemented to process a wide variety different wastes or bioenergy feedstocks at virtually
any scale. Each AD application has unique requirements related to the feedstock, the plant location,
footprint and seasonal climate and social and economic factors that must be assessed and considered as
part of the process design and operation. This section discusses: (i) selection and sizing of appropriate
reactor technology; (ii) ancillary equipment (requirements) for materials handling and downstream
management of AD products; and (iii) monitoring and maintenance of process operations.

5.3.4.1 Technology selection

Selection of AD reactor technology is based on a number of considerations related to both the
characteristics of the feedstock and constraints at the plant location. Important considerations
related to the feedstock include the fractionation between particulate and soluble organic material,
the presence of fat, oil and grease (FOG), the moisture content and the expected time required for
degradation. Considerations related to the plant location include the available footprint, local climate,
presence of supporting infrastructure such as upstream/downstream processes and disposal/re-use
options for the digestion residues. Figure 5.11 is an example of a selection diagram used as part of
the initial technology assessment. Note that the information provided in the figure does not consider
all selection criteria (e.g., such as space availability) and should be considered as a guide only. For
example, lagoon-based technologies may seem advantageous for low strength wastewater, however
such technology would not be appropriate in colder climates (<10°C) or where there is only limited
space available.

5.3.4.2 Process sizing (loading rates)

There are three main factors that determine the sizing of AD processes: (i) managing organic load to
provide beneficial conditions for methanogenesis, including maintaining pH above 7.0 and below 8.0;
(ii) maintaining sufficient retention time for growth and maintenance of AD microbiology; and (iii)
maintaining sufficient retention time for hydrolysis of particulate substrates. The limiting factor is
determined by the feedstock characteristics and the specific process constraints for each application.
In general, feedstocks are classified as solid waste or wastewater, based on the distribution of
particulate and soluble COD.

Hydrolysis is considered the process-limiting step for AD of particulate substrates, and reactor
sizing is based on the apparent first order hydrolysis rate, the reactor configuration (i.e., mixed vs plug
flow) and the extent of degradation required. Equation (5.5) shows the relationship between methane
production and retention time in these processes for a batch or plug flow reactor. Equation (5.6) shows
the relationship for a continuous mixed liquor reactor:

CH, = B, (1 - e*khvdi) (5.5)
1

_ _ 5.6

CH, Bo[l 1+khyd.t] (5.6)

where CH, represents methane production (per kg or t added), B, represents the ultimate methane
potential (determined from BMP testing (see section 5.3.2)), k4 represents the apparent hydrolysis
rate (determined from batch test) and ¢ represents the solids retention time of the digester (days).
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Table 5.4 Overview of commonly applied anaerobic digestion technologies, note some forms are AD are not
commonly applied in domestic waste treatment.

Loading Rate

Typical Reactor (kgcoD. Example
Technology Types Advantages Disadvantages m-3d-1) Application
Lagoon- Covered Low capital cost Very high - 0.1-0.5 - Domestic
based anaerobic Low operating footprint wastewater
anaerobic lagoon (CAL) costs Limited «  Animal
technologies Flexible sizes and controllability manure
designs Poor/variable +  Animal
Effective at methane capture processing
settling and Can produce
degrading solids odours
Must be desludged
Generally limited
to dilute feeds
High rate «  Upflow Low footprint Poor toleranceto + 10 (UASB) - Agri-food
granular anaerobic Low capital cost FOGs + 20 (EGSB/ industry
technologies sludge blanket Operating Non-degradable 1C) - Distillery
(UASB), requirements solids can reduce wastewater
Expanded well understood performance «  Paper and
granular sludge - High quality textile, and
bed (EGSB), effluent SO on.
internal
circulation (IC)
reactor
Anaerobic Anaerobic Very stable for Expensive - 1-15 +  Domestic
membrane membrane biomass retention membrane and wastewater
technologies bioreactor Good gas yield membrane fouling +  Animal
(AnMBR) for energy processing
recovery » Distillery
Can treat WW wastewater
at extreme
conditions
Highest effluent
quality
Mixed liquor Established Poor volumetric -+ 1-5 - Sewage
reactor technology loading rate sludge
technologies Flexible Much larger +  Food waste
configurations tanks - expensive «  Animal
(i.e. multi-stage) capital manure
Easy to control Solids content of + Crop
Continuous gas feed is limited residues and
production. Liquid (not solid) energy crops
residue
Solid phase + Continuous Continuous High capital costs + 10 + Animal
anaerobic dry solid phase gas and residue Complex manures
technologies (plug-flow) production mechanical »  Food waste
- continuous reactor Suitable for high system
solids and dry Potential solids
feedstocks handling issues
High loading
rates

(Continued)
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Table 5.4 Overview of commonly applied anaerobic digestion technologies, note some forms are AD are not
commonly applied in domestic waste treatment. (Continued)

Loading Rate

Typical Reactor (kgCOD. Example
Technology Types Advantages Disadvantages m-3d-1) Application
Solid phase + Batch solid + Low capitaland <« Non-continuous <+ 6-10 »  Agricultural
anaerobic phase (leach operating cost system (gas flow wastes,
technologies bed) reactor - High loading changes in quality - Energy crop
- batch rates and flow over wastes,
+ Good gas time) «  Poultry
conversion due « Can be difficult to waste
to retention of seal (gas seals)
active biomass + Needs loading
Easy to control and unloading

via leachate
+  No milling
required
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Figure 5.11 Anaerobic treatment technologies ranked by hydraulic retention time (vertical axis), and solids
concentration (horizontal axis) (adapted and extended from Batstone and Jensen, 2011)).
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Figure 5.12 Model based prediction of methane recovery for CSTR and batch/plug flow reactors.

Figure 5.12 provides examples for the fraction of methane potential recovered in batch digesters
and continuous mixed digesters as a function of apparent hydrolysis rate and solids retention time.
Hydrolysis is a first order process and therefore degradation performance is not linear with reactor
retention time. Digesters are not designed to recover 100% of the methane potential available.
Actual recovery is typically in the range of 80-90%, which is a balance between degradation
performance and capital investment. Note that continuous mixed processes require longer treatment
times to achieve similar performance due to a dilution effect from constant withdrawal of effluent,
which may be partially degraded. Batch and plug flow processes typically require shorter treatment
times; however, there is a requirement to inoculate each batch, which increases the volume of
material added to the reactor. Importantly, the volume required for a batch of plug flow process is
still typically smaller than the volume for a continuous reactor receiving the same feedstock. To
illustrate the difference in required SRT between these reactor configurations, a feedstock with an
apparent hydrolysis rate of 0.1 day! would require an SRT of 40 days to recover 80% of methane
potential in a continuous mixed digester, but would only require an SRT of approximately 17 days
in a batch reactor.

For AD of soluble substrates, methanogenesis not hydrolysis is considered the process-limiting step.
This can be attributed to the slower microbial growth and slower substrate utilization of this step.
In all AD processes, minimum SRTs are required to ensure sufficient time for microbial growth and
cell maintenance. Processes digesting soluble substrates often incorporate biomass retentions systems
that separate the SRT and the HRT (see section 5.3.3). In these reactors the solids retention times are
long to enable biomass growth and retention, while hydraulic retention times are much shorter to
enable high throughput and smaller reactor volumes. In these systems, the minimum solids retention
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Table 5.5 Minimum solids retention times to support microbial growth and
prevent washout during anaerobic digestion as a function of temperature
(Tchobanoglous et al., 2003).

Operating Temperature (°C) Minimum SRT (Days) Desired SRT (Days)

18 11 28
24 8 20
30 6 14
35 4 10
40 4 10

times for biomass growth often have less impact on overall vessel sizes and the reactor size is based
on the organic loading rate, with nominal design parameters as presented in section 5.3.3. During AD
in mixed liquor reactors the SRT is equal to the HRT and therefore minimum retention times must be
considered during vessel sizing. Minimum retention times are a function of temperature, as shown in
Table 5.5.

5.3.4.3 Materials handling and transport

Material handling and transport is a critical component of any anaerobic digestion system. Materials
handling operations include feedstock receival, pre-processing and pre-thickening or wastes, loading
to the digesters and removal of digestate for downstream processing, such as dewatering. At centralized
treatment facilities materials handling operations may also include waste receival facilities. Materials
handling technologies are selected based on feedstock properties, digester configurations and
specific site requirements. Common materials handling equipment in municipal wastewater handling
applications are: (i) pumping for wastewater and slurry streams with <5% solids content; and (ii)
screw or belt conveying for streams with higher solid contents, that is solid concentration higher
than 5-10%. Industrial sites may have wastes from different processing areas with very different
characteristics and may therefore require separate materials handling and transport operations. For
example, animal processing facilities may generate large volumes of wastewater and multiple solid
waste streams rich in either fat, oil and grease or high in lignocellulosic fibres. When combined, these
wastes may form a pumpable mixture, however the solid components increase the risk for blockages,
particularly if the transport processes operate intermittently. Therefore, separate transport processes
for feeding different feedstocks to a digester are often desired. This may extend to separate treatment
processes, or the various waste streams may be combined in the digester.

5.3.4.4 Reactor mixing

Reactor mixing is essential in common AD configurations such as mixed liquor reactors and AnMBRs.
Two primary reasons for mixing are to: (i) maintain the integrity of the decomposition process by
improving circulation, consistency and mass transfer in the reactor (both physical and thermal); and
(ii) minimize the formation of scum and sediment layers through dispersion, thereby maximizing the
effective volume of the reactor. For example, mixing prevents local accumulation of intermediates (i.e.,
organic acids) and toxic substances by diluting them in the reactor volume. Mixing mechanisms are
summarized in Table 5.6 and can generally be divided into three main types:

(1) Mechanical mixing: Rotating propellers are used to mix the digester contents. The propeller
designs are generally low speed-large diameter or high speed-smaller diameter. Low speed-
large diameter mixers generate less shear and are more effective at bulk fluid movement. High-
speed-smaller diameter mixers generate high shear and are more effective at rapid mixing
processes, such as the distribution of chemicals dosed into a process. Propellers can be located
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Table 5.6 A comparison of digester mixing systems.

Mixing Principle Capex Typical Values
Mechanism
Mechanical  High or low speed submerged turbine or mixers suitable for Low 0.005-0.008 kW
mixing fixed or floating covers per m? of reactor
operating volume
Gas injection Unconfined: collect gas at the top of the digesters, compress Medium 4.5-5L.min'.m"3
mixing the gas, and then discharge the gas through a pattern of bottom to high  of reactor operating
diffusers or through a series of radially placed top-mounted volume
lances; suitable for fixed, floating, or gas holder covers
Confined: collect gas at the top of the digesters, compress gas 5-7 L.mint.m3 of
and then discharge through confined tubes; suitable for fixed, reactor operating
floating, or gas holder covers volume
Liquid Agitation in which some of the liquid tank contents are High 30-50 L.min'.m™3
circulation withdrawn from the reactor by external mixing pumps and of reactor operating
mixing reinjected back into the reactor through discharge nozzles at volume (20-30 mins
the bottom turnover time)

within the digester to achieve bulk fluid movement or may be mounted in draft tubes that
create a jet mixing effect.

(2) Gas injection mixing: A gas compressor is used for either unconfined or confined gas injection.
The gas is commonly injected through sequentially discharge lances, floor-mounted diffusers,
draft tubes, and bubble guns.

(3) Liquid circulation mixing: External pumps may be used to circulate the digester content to
achieve agitation. Liquid circulation may be achieved using external recirculation loops and
small diameter nozzles that generate high liquid velocities. Draft tubes or baffles may be used
to assist in the direction of liquid flow.

Each of the mixing methods have advantages and disadvantages. The selection and design of
mixing equipment will depend mainly on the volume of the reactor, the geometry of the reactor, the
viscosity of the digester contents, and the throughput of the mixing system.

5.3.4.5 Temperature management

AD processes operate at a variety of temperatures which are categorized into three ranges:
psychrophilic (up to 15°C); mesophilic (25-40°C); and thermophilic (50-70°C) (Batstone et al., 2002).
Temperature has a strong impact on the biological, chemical and physical processes that occur within
AD processes, therefore operating temperatures are often controlled. The most common operating
temperatures for AD are 37°C for mesophilic processes and 55°C for thermophilic processes. However,
temperature control is not practical in all AD applications. For example, temperature control is not
practical in many large lagoons or in high-rate reactors with very short HRT. In some cases, a level
of temperature control can be attempted by adjusting the temperature of the feed wastewater prior to
the digester, however the actual reactor temperature will be lower due to ambient heat loss. In other
cases the temperature of the feed wastewater will not be controlled or adjusted and will vary due to
seasonal changes in the ambient climate. In both cases, seasonal variations in ambient temperature
can have a significant impact on process performance.

Anaerobic processes are not auto-heating and heat energy must be supplied when operating at
temperatures above ambient conditions. The most common method of digester heating is via external
pumping and circulation operations, where digestate is pumped through external heat exchangers.
The heat exchangers are commonly designed with a single pass AT of 2-4°C and recirculation rates
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are then calculated in order to transfer sufficient heat back to the process. Higher single pass AT may
be used, however the process must be carefully monitored to ensure the sludge temperature cycling is
not destabilizing the microbial communities.

The heating requirements of an anaerobic digestion process consist of the heat required to raise the
feedstock from ambient to the digester operating temperature and the heat required to compensate for
losses through the reactor surface and process pipelines. Heat requirements to raise the temperature
of the feedstock and the requirements to compensate for losses in the system are given by Equations
(5.7) and (5.8), respectively.

Qteca = mCp <Tdig - Tamb) (5.7)
Qlosses =UA (Tdig - ’-Tamb> (58)

where Q is a heating requirement (kJ.s~! or kW); C, is specific heat capacity (kJ.kg.°C1) where 4.2 kJ.
kg1.°C-! can be used to approximate specific heat of slurries; T, is the operating temperature of
the digester (°C); and T,,,, is the ambient temperature (°C). U is overall heat transfer coefficient (kW.
m~2°C-!) and varies according to the reactor design and construction materials (typical values shown
in Table 5.7).

5.3.4.6 Dewatering, drying and conservation

The effluent from anaerobic digestion processes, also known as digestate, may contain a significant
flow of non-degraded residues. The mass of solid residues will depend on the properties of the
feedstock (f;) (see section 5.3.2) and the applied SRT (see section 5.3.4). Digestate from mixed
liquor AD processes typically contains 2-6% solids and significant volumes of free water. The high
moisture content of digestate allows for simpler materials handling (i.e., easy to pump). However,
in most applications, further downstream processing is required to reduce external transport
costs prior to disposal, agricultural re-use or incineration (Figure 5.13). Digestate dewatering is

Table 5.7 Typical heat transfer coefficients used to calculate external heat
losses from anaerobic digesters (adapted from Tchobanoglous et al. 2003).

Wall Material Typical U Values (W.m-2.K-)
Concrete walls (above ground)
300 mm thick - No insulation 4.7-5.1
300 mm thick - Air gap and brick facing 1.8-2.4
300 mm thick - insulation 0.6-0.8
Concrete walls (below ground)
300 mm thick - moist earth 2.85
300 mm thick - dry earth 1.7
Floating covers
No insulation 1.8-2.0
Insulation 0.9-1.0
Fixed concrete covers
225 mm thick - No insulation 3.0-3.6
100 mm thick - No insulation 4.0-5.0
100 mm thick - Insulation 1.2-1.6

Fixed steel covers (6 mm) 4.0-5.4
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[ ANAEROBIC DIGESTION MIXED LIQUOR ]

A

Pre-conditioning & Dewatering

A 4 A4

[ Centrate (N&P) ] [ Biosolid (10-20% TS) ]ﬁ

l Drving
v v
Irrigation/ Back to [ Biosolid (70-80% TS) ]
Other Nand P WWTP
removal or influent v A4
recovery . .
technologies Land Incineration
application
\ \ 4 v
Landfill

Figure 5.13 Schematic representation of downstream digestate handling operations associated with anaerobic
digestion.

a form of solid/liquid separation applied to AD effluent. Dewatering involves pre-conditioning
by polymer addition (e.g., polyacrylamide) followed by a physical separation technique such as a
screw press, belt press or centrifuge. When applied to digestate from sewage sludge and/or manure
treatment, conventional dewatering equipment achieves a dewatered digestate cake at 15-30%
solids. Higher cake solids are achieved for some agricultural residues but this is very application
specific.

A variety of drying technologies including thermal dryers, glasshouse solar dryers, drying pans
or stockpiles can be applied after the dewatering process in order to increase the cake solids and
therefore significantly reduce the volumes of treated digestate for transport and disposal. Drying
technologies are capable of increasing the solids content of dewatered sludge from 10-30 to >80%,
however drying times can vary greatly depending on the energy applied. For example, drying times in
thermal dryers are much shorter than drying times in drying pans and stockpiles. Drying is desired
when digestate is disposed to landfill or incinerated or when transported large distances. However,
where solid digestate is reused via local land application such as forestation, land reclamation or
agricultural production, additional digestate drying is less common and in some cases is not desired.

The liquid stream from digestate dewatering, also known as supernatant or centrate, can be high
in ammonium nitrogen (N) and ortho-phosphorus (P) and requires further treatment before discharge
to the environment. Established and emerging concepts to recover phosphate and ammonium from
digestate (and other nutrient rich water streams) are discussed in Chapters 9 and 10.

5.3.4.7 Biogas treatment and utilization
The biogas produced during AD primarily comprises methane (CH,) and carbon dioxide (CO,) with
minor amounts of hydrogen (H,), hydrogen sulphide (H,S) and ammonia (NH;). Additionally, when
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leaving the digester, biogas is saturated with water vapour and may contain dust particles and volatile
organic compounds (e.g., siloxanes). The methane content of biogas has a high calorific value of
approximately 55 MJ/kg CH, and this makes biogas an important energy source to produce heat and/
or electricity for wastewater treatment plants. While onsite energy production is the most common
biogas use applied today, there are a range of alternate and emerging biogas uses discussed in detail
in Chapter 6, examples include:

- onsite heat and/or steam generation, that is steam boiler;

- electricity and heat production (CHP);

+ upgrade to higher methane content for use as vehicle fuel (LNG) or as a feed stream to the local
natural gas grid (Persson et al., 2006);

« production of chemicals, proteins and/or biopolymers such as PHA and PHB (Born, 2005;
Heubeck et al., 2007).

For some applications, the biogas may require treatment before use. Treatment may be relatively
simple, including desulphurization and water reduction or be more complex, such as CO, removal
and/or upgrading the methane content.

Biogas treatment requirements are generally determined based on the biogas end use. Examples of
commercially applied biogas treatment/upgrading and use pathways are shown in Figure 5.14. Figure
5.14 also shows emerging biogas utilization processes. Further discussion on biogas utilization and
upgrading is presented in Chapter 6.

5.3.5 Process monitoring and troubleshooting

Given the diversity of the AD microbial community, and the breadth of biochemical reactions required
to degrade organic wastes and produce methane, close monitoring of the AD process is paramount.
This section describes the most important parameters that require adequate monitoring in order to
determine the performance and stability of the process, as well as the methods to troubleshoot a
failing AD process.

[ BIOGAS PRODUCED DURING ANAEROBIC DIGESTION ]
v v v
Dehumidification Gas treatment Algal Methanotrophic
Desulfurisation (Optional) bioreactor fermentation
(CO2)

i

CO2 Removal |
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Figure 5.14 Schematic representation of general biogas treatment/upgrading pathways and two novel product
pathways.
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5.3.5.1 Process performance

Chemical oxygen demand (COD), defined as the amount of oxygen required to oxidize all the organic
carbon in a sample, is a common parameter used to estimate the amount of organic matter in a sample
(Henze et al., 1987; Noguerol-Arias ef al., 2012). Analyzing the form of COD in a feedstock (i.e., total
COD, particulate COD and soluble COD) is a useful parameter in assessing the most suitable form
of anaerobic digester technology and appropriate digester sizing (see sections 5.3.4.1 and 5.3.4.2).
Additionally, tCOD (and VS) is used to assess the removal of organic matter in anaerobic digesters,
while sCOD can be used to monitor process stability through the concentration of intermediate
compounds in the system (see section 5.3.5.2). COD is an effective process assessment tool as COD
is conserved through anaerobic processes, that is, COD cannot not be formed nor destroyed, but can
change forms between solid, liquid and gas. Therefore, in steady state systems the amount of tCOD
entering the systems should be equal to the amount of COD leaving the system as effluent or biogas
(Batstone et al., 2002).

In many AD applications the economic viability of the process is more sensitive to solids destruction
and the level of solids stabilization than biogas production. Therefore, total solids (TS) and volatile
solids (VS) are common parameters to characterize the feedstock prior to anaerobic digestion and
to characterize the performance of the anaerobic digestion process. Specifically, VS destruction is a
primary measure of process performance. There are three common ways to calculate VS destruction:
(i) mass-balance VS destruction; (ii) Van Kleeck VS destruction; and (iii) apparent VS destruction
on gas flow, which relies on the principle that organic matter destroyed must be converted to biogas.
Calculation procedures for monitoring VS destruction in AD processes are shown in Table 5.8. All
measures assume the system is at steady state, or that values are averaged over a period of operation. If
the system is not at steady state, mass balance VS destruction, and gas flow VS destruction need to be
adjusted for flow, and Van Kleeck VS destruction cannot be used (Ge et al., 2010). In some cases, TS
and VS values must be corrected for losses of volatile compounds during the measurement procedure
(Kreuger et al., 2011; Peces et al., 2014).

5.3.5.2 Process stability

As discussed in section 5.3.1, AD is a series of complex biochemical processes including hydrolysis,
fermentation and methanogenesis that only occur in environments that are suitable for the
corresponding microbial communities, that is at suitable temperature, pH, in absence of inhibiting
substances, in presence of abundant substrates for microbial growth and at an appropriate treatment
time. Therefore, a range of physical, chemical and biological parameters require monitoring in order
to maintain reliable process performance in terms of organic degradation or to troubleshoot process
perturbations/failures (Table 5.9).

Volatile fatty acids (VFA) including acetate, propionate, butyrate and valerate, are intermediate
products in anaerobic digestion (see Figure 5.1). When digesters are functioning effectively, acid
forming processes (hydrolysis and fermentation) exist in balance with acid consuming processes
(methanogenesis); however, when the process is not balanced VFA may accumulate. Therefore,
concentration of VFAs in the bulk reactor or effluent can be used as an indicator of process
performance and stability. VFA accumulation trends and changes are more useful than instantaneous
concentrations when monitoring the performance, health and stability of AD processes. This is
partly because microbial communities will respond differently to VFA depending on the microbial
community profile and the operating conditions (Angelidaki et al., 1993) and partly due to an
emerging trend to design AD reactors to produce VFA as an end product rather than methane. VFA
analysis by gas chromatography (GC) or liquid chromatography (HPLC) provides information about
the concentration and speciation of VFA; however, bulk VFA concentrations can also be estimated at
much lower cost using simpler titration methods, as described in the following section.

Alkalinity (also known as buffer capacity): In the context of AD, alkalinity represents the capacity
of the digestate to buffer pH decreases from the productions of organic acids and CO,. Alkalinity is
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Table 5.8 Approaches for monitoring volatile solids destruction in anaerobic digesters.

Calculation Equation Key Advantages and Common Sources
Method of Error

Mass- (VSeoncin — VSeonciout) - Sensitive to systematic sampling
balance VS VSestroyed = VSeonein (5.9) issues. For example, it is common
destruction ' to have differential settling around

sample points, such that the solids
concentration is not representative
of the bulk reactor, or outlet

VS, is concentration of organics as measured by
the volatile solids method (g L), and subscript in
and out indicate concentrations in the inlet and

outlet streams concentration
Van VS.. .. —VS -+ Sensitive to accumulation of mineral
VS _ frac,in frac,out . o s .
Kleeck VS destroyed — VS - —VS... VS (5.10) solids and/or grit in the reactor (which
destruction frac,in fracin ¥ Dfrac,out will read as a false low destruction), or

precipitation of mineral solids (which
will read as a false high)

+  Not as susceptible to systematic
sampling issues, as dilution or
accumulation of mineral and organic
solids will normally be consistent

« Itis not dependent on flow
measurement

VS;...is fraction of total solids that is volatile (VS,,./
TSCOI’IC)

Gas COD,,,(kgCOD.d ) + Least reliable of the three methods
flow VS V8aestroyea = -1 (611) . Dependent on correct flow

. COD;,(kgCOD.d ™) . -
destruction measurement in both liquid and gas

COD,, is incoming COD load, based on the feed streams, as well as correct VS inlet

volume and feed COD concentrationCOD,,; is the measurement

gas . g E
calculated gas flow COD in kgCOD.d ", calculated Sensitive to the measured COD:VS
ratio, and this can vary significantly

ing E ti 5.10):
using Equation ( ) «  Methods assumes that the COD:VS

CODyys = 2.9QgasPcns (5.12) ratio is the same across the digester
and does not change during digestion,
Qg is volumetric gas flow converted to standard which is not strictly correct
temperature and pressure (0°C, 1 bar) (Nm3.dY), pcus +  While it should not be used as a
is the methane composition of the biogas (%), and primary measure of VS destruction, it
2.9 is a conversion factor based on the density of is a useful comparison to other terms

methane and the oxidation chemistry (kgCOD Nm~3) . [t is not sensitive at all on outlet flow
measurement or outlet liquid digester
analysis

measured using acid titrations and the results presented as mgCaCOs/L equivalent. Partial alkalinity
is determined using pH 5.7 as the titration end point and represents the concentration of bicarbonate in
the process (APHA et al., 2005). Total alkalinity is determined using pH 4.3 as the titration end point
and represents both bicarbonate and VFA in the process (APHA et al., 2005). VFA concentrations
can therefore be approximated from the difference between total alkalinity and partial alkalinity, also
known as the intermediate alkalinity (Ferrer ef al., 2010; Fonoll et al., 2015). The ratio of intermediate
alkalinity to partial alkalinity is a further measure of process stability, with ratios of <0.3 desired in
healthy and stable processes (Martin-Gonzalez et al., 2013).

Total Kjeldahl nitrogen (TKN) and total ammonical nitrogen (TAN): Free ammonia (NH;)
inhibition is one of the most common inhibition processes observed in AD processes (Rajagopal
et al., 2013; Yenigiin & Demirel, 2013). Ammonia nitrogen is present in many AD feedstocks and is
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Table 5.9 Approaches for monitoring the stability and performance of anaerobic digestion processes.

Process Measurement Technique Process Health and Stability Indication

Parameter

COD On-line: UV-Vis spectroscopy Total COD is used to measure the removal of organic matter
Off-line: colorimetric method in anaerobic digesters, while soluble COD can be used to

monitor the concentration of intermediate compounds and
therefore process stability

TS/ VS On-line: Limited use of turbidity VS destruction is a primary measure of process performance.
sensors for TS measurement There are no universal VS destruction standards, therefore
Off-line: Oven based drying and  focus on changes in VS destruction performance. Use
combustion methods multiple calculation methods (Table 5.8) to assess data

quality

Biogas On-line: Infrared sensor (IR) Changes in biogas composition may occur due to changes

composition  Off-line: Gas chromatography in the feedstock. However, changes in biogas composition
(GC) may also indicate a change in process balance. In particular,

H, may be present if acid producing processes exceed
methanogenic capacity

pH On-line: in-situ pH sensor Maintain a neutral pH (7-8) to limit direct inhibition on
Off-line: Portable pH probe microbial communities and to reduce the impact of ionic
substances
Temperature On-line: Thermocouple or RTD  Temperature impacts biological, chemical and physical
sensor processes that occur within AD processes. Minimize sudden
changes in temperature (e.g. AT within heating loops should
be <4-6°C)
Alkalinity On-line and off-line: Titration Not a direct indicator of process performance, but indicates
with HCI1 capacity of the system to resist a decline in pH. Alkalinity >2
gCaCO3.L-! desired and alkalinity ratio of >0.3 desired
VFA On-line: Rare, estimated through Changes in VFA accumulation or speciation represent a
titration change in balance between acid producing processes and

Off-line: Gas Chromatographic acid consuming processes. There are no universal inhibition
(GC) or high-performance liquid thresholds
chromatography (HPLC)
Other Off-line:
inhibitory + Ions: Ionic chromatography
compounds or conductivity probe
NH;: Ion selective probe or
ionic conductivity
+ Phenolic/aromatic
compounds by HPLC
Heavy metals: Inductively
coupled plasma (ICP)

produced during AD caused by the hydrolysis of organic nitrogen compounds such as protein. Total
Kjeldahl nitrogen (TKN) is a measurement of the combined concentration of organic nitrogen and
ammonia, therefore TKN represents the potential ammonia concentration in a digester if complete
degradation of the feedstock occurs. Therefore, both TKN and total ammonical nitrogen (TAN)
measurements are commonly included in AD monitoring programs to analyze the risk of ammonia
inhibition and/or to troubleshoot failing AD processes. However, as for VFA concentration, the TAN
inhibition threshold depends on multiple factors, including process conditions (pH, temperature) and
microbial tolerance (Calli et al., 2005; Lu et al., 2018; Tian et al., 2018). For this reason, trend data
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and specifically changes in TAN concentration or pH over time are often more valuable in process
troubleshooting than looking at instantaneous concentrations.

pH level: Anaerobic digestion processes, particularly the methanogenesis steps, are sensitive to
pH. At low pH values, that is <6, biological activity of methanogens can be inhibited, through the
disruption of homeostasis or the denaturation of enzymes. Furthermore, a lowered pH shifts the
acid-base equilibrium of ionic substances. In the case of acids, such as hydrogen sulphide or VFAs,
low pH increases the concentration of uncharged, or ‘free’ forms, which increases their inhibitory
effect. In contrast, bases such as ammonia are present in a free form at elevated pH, that is >7.5, and
lower pH can reduce (but not remove) the inhibitory effects. Maintaining a neutral pH can reduce the
impact of both hydrogen sulphide and free ammonia. It is also important to avoid rapid changes in
pH. Continuous (online) measurement of pH and measurement of alkalinity are useful parameters to
ensure the process pH is within desired limits and that there is sufficient buffering capacity to resist
rapid pH shifts. As a guideline, an alkalinity of 2-3 gCaCOs;.L! is desirable to ensure stable process
operation in terms of pH levels. The specific alkalinity requirements will depend on the temperature
and the CO, concentration of the biogas with lower alkalinity requirements at higher temperatures
and lower CO, concentrations.

5.3.5.3 Process troubleshooting

AD is sensitive to environmental changes and the presence of inhibitory or toxic compounds in the
feedstock. It is important to minimize destabilized or unbalanced process conditions to prevent
significant and/or long-term damage to the microbial community, particularly the methanogenic
population due to their relatively slow growth rate, low cell yields and thus prolonged recovery from
a process failure. Early warning signs for an unstable AD process are: (i) reductions in methane
production; (ii) increased concentration of H, in biogas; and (iii) accumulation of VFAs. Signs of
long(er) term instability of AD processes include: (i) shifts in pH; and (ii) a decrease in VS destruction
rate. Figure 5.15 summarizes a troubleshooting procedure designed to identify and correct common
operational issues in AD process.

5.4 CASE STUDIES AND IMPLEMENTATION

5.4.1 Case study 1: anaerobic digestion of agricultural wastewater

Figure 5.16 shows a covered anaerobic lagoon installed as part of the waste treatment process at a pig
production facility. The pig production facility is located in a rural area and does not have an option
to discharge water to a sewer. Therefore, the wastewater must be treated to achieve standards required
for irrigation. The facility produces an average of 500 000 m® of wastewater per day over a 12-month
cycle, with higher water use in summer months and lower water use in winter months. Average
wastewater compositions after screening are 8200 mg L VS, 15600 mg L tCOD, and 5200 mg
L-! sCOD. However, both flow and composition are subject to large daily and seasonal variations.
Removal of the organics was identified as a core treatment requirement, with residual nutrients being
used for irrigation. The waste treatment train used at this facility includes static screens, followed
by covered anaerobic lagoons, a partially aerated basin and large winter storage lagoons. Covered
anaerobic lagoons were selected to minimize the cost and operating requirement of the treatment
process. Lagoon treatment was particularly suitable due to the large footprints available and the
large degree of internal equalization to handle variable flows and compositions of the wastewater.
However, temperature control is difficult in lagoon treatment and the seasonal variation in ambient
temperature has been a key operational challenge. At this site, monthly temperature averages vary
from 8 to 24°C. Biological processes are significantly slower during the cooler months and this was
addressed using a larger lagoon with longer retention time to reduce loading stress during the winter
months. The covered lagoon has an operating volume of 18 000 m3. The dimensions are approximately
130 m long and 40 m wide with a maximum depth of 7.5 m. The effluent is further treated using a
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Figure 5.16 Example of a covered anaerobic lagoon installed at a rural pig production facility (Gopalan, 2013).

9000 m3 partially aerated basin before being sent to winter storage lagoons (120 000 m3). The average
HRT in the CAL is 36 days, with much longer SRT (i.e., years). The annual average organic loading
rate for this lagoon is 0.4 g.L-1.d"! of COD. Average COD and VS removal in the CAL are 70 and 64%
respectively, but all performance parameters show seasonal variations. For example, average biogas
production in summer months is 3600 m3.d ! compared to 2500 m3.d! in winter months.

The use of a CAL in this application is possible due to the temperate climate and the large parcels of
land available for both the treatment process (CAL + storage) and irrigation of the treated wastewater.

5.4.2 Case study 2: high-rate anaerobic digestion in the food and beverage industry

Figure 5.17 is an example of an internal circulation reactor and associated infrastructure installed at a
brewery. The brewery is located in a densely populated urban industrial area and discharges water to
the sewer network. The wastewater discharge is subjected to trade waste fees for both the volume of
water and the load of organic, solid and nutrient contaminants. It is important to note that these trade
waste fees are relatively high and therefore a major incentive for the brewery to treat the wastewater
on-site prior to sewer discharge. The plant generates 2000 m3 of wastewater per day containing on
average approximately 5000 mg.L-! tCOD, 50 mg.L' N and 30 mg.L-! P. However, the COD content
can reach a maximum concentration of >30 000 mg.L! during the daily operating cycle. The organic
component of the waste is carbohydrate and alcohol with no fat, oil or grease present. Biological
removal of the organics was identified as a core requirement of reducing and managing the commercial
waste charges due to the very high COD to N ratio. Energy consumption at the brewery is high due to
high steam production requirements. This provided a clear opportunity to utilize biogas energy onsite
within the boiler system. The potential for energy recovery through AD rather than the high additional
energy consumption that would be required to oxidize the COD through aeration was a significant
cost factor that was considered during the selection of AD. Specifically, a high rate granular reactor
was selected due to the very tight space restrictions on site. The anaerobic treatment train includes a
600 m’ equalization and pre-fermentation tank prior to the IC (internal recirculation reactor), with a
second 400 m?® diversion tank to handle excessive flow or composition variations. Biogas is produced
in a 500 000 m3 IC reactor, and hydraulic retention is managed using a splitter to recirculate a portion
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Figure 5.17 Example of an internal circulation (IC) reactor and associated infrastructure installed at a brewery.

of effluent back through the IC. The IC effluent is sent to an aerobic membrane bioreactor (MBR) for
polishing prior to discharge. The MBR is not designed for nitrification-denitrification, but to remove
residual COD, N and P through sludge growth and collection. The treatment train removes over 95%
of COD from the wastewater with approximately 90% removed in the IC. Average biogas production
from the plant is 250 m3.h-!, which offsets approximately 5-10% of the site boiler fuel requirements.

5.4.3 Case study 3: anaerobic digestion of municipal wastewater sludge

Figure 5.18 shows an example of mesophilic anaerobic sludge digester installed during the upgrade of
a municipal sewage treatment plant (300 000 PE (population equivalent)). The sewage treatment plant
is required to meet tight nutrient discharge limits of 3 mg.LL-' TN (total nitrogen) and 1 mg.L.-! TP (total
phosphorus). This is achieved without using primary sedimentation. Instead, raw wastewater is supplied
directly to an activated sludge system to drive the biological removal of nutrients. The activated sludge
system is operated at an extended sludge age of 15 days, thereby producing a waste activated sludge
comprised primarily of microbial biomass which biodegrades slowly. Anaerobic digestion was installed
at the WWTP as part of a plant upgrade in 2009. The upgrade had three core objectives:

(1) Provide an additional 16 ML/d (~60 000 EP) of treatment capacity;
(2) Match or exceed performance of the existing plant with effluent TN of <2.5 mg/L;
(3) Construct a sludge management train to produce ‘Grade B’ treated biosolids.

Anaerobic digestion was installed to meet the requirement of producing Grade B treated biosolids
and also because of renewable energy and sustainability drivers. During the design phase, BMP testing
(see section 5.3.2) was conducted to demonstrate that WAS-only anaerobic digestion was biologically
and economically feasible and, moreover, to determine the treatment times required to meet sludge
stability requirements. High rate granular processes were not considered for this application due to
the high fraction of particulate organic matter and the low degradability of the substrate (f,~33%,
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Figure 5.18 Example of two continuous mixed liquor digesters installed at a sewage treatment plant to stabilize
waste activated sludge (Gloag et al., 2014).

determined by the BMP testing). Mixed liquor digesters were selected due to the urban location and
limited footprint. A series of energy efficiency strategies were added to reduce energy demand by over
60% and compensate for the relatively poor sludge degradability. Measures included pre-thickening
the WAS to reduce digester volume and heating requirements, insulating the digesters to reduce heat
loss and installing high efficiency boilers to drive the CHP units.

The digestion plant consists of two 6000 m? mixed liquor digesters operating in parallel. The design
SRT is 20-26 days. Digester mixing is achieved using gas lances that allow biogas to be pumped
into the bottom of the reactor. The gas lances are distributed throughout the reactor and operate
on a sequential cycle. Digester heating is achieved via sludge recirculation through external heat
exchangers. The digesters achieve over 30% VS destruction, which corresponds to more than 90% of
the biodegradable material (measured through BMP testing). Biogas production exceeds the average
3000 m3/d predicted from batch testing, which is consistent with previous observations that a well
operated reactor can exceed the performance measured in BMP testing. The two anaerobic digesters
produce more than enough energy to meet mixing and heating requirements and therefore produces
excess energy that is used to offset aeration energy in the mainline wastewater treatment plant.

5.5 CHALLENGES, OPPORTUNITIES AND RESEARCH NEEDS

Anaerobic digestion is a mature technology for waste treatment and renewable energy production.
The growing importance of anaerobic digestion in the green/circular economy is readily visible by: (i)
the exponential growth of scientific publications in peer reviewed journals, which increased from 230
in 2001 to 3100 in 2018 (Elsevier Scopus, 10th March 2019); and (ii) steady growth in patents from
the same period (Albers ef al., 2016). This increasing interest in anaerobic digestion technology is a
consequence of several key facts, including: (i) higher knowledge of the AD process and constraints;
(ii) successful experience in constructing and operating AD plants; (iii) the potential of AD for waste
treatment and energy production; and (iv) environmental driver to divert organic waste from landfill
towards re-use. Although AD is considered a mature technology, further development is needed to
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improve the efficiency of AD and support its transition from waste treatment technology to a key
technology in the circular economy.

The success of AD as a technology has promoted the diversification of its application from
traditional substrates (e.g., sewage sludge, animal manure, food waste, food processing residues) to
a wider and complex range of substrates such as slaughterhouse wastewater, poultry manure, energy
crops, microalgae and microalgae residues, petrochemical wastewater and landfill leachate, among
many others. This flexibility is a particular strength of AD. However, there are challenges, but also
opportunities, when applying AD.

Economic challenges: When AD is applied to substrates with poor biodegradability or very
slow digestion rates, the process economics are poor due to a combination of large reactor volume
requirements (high CAPEX), poor biogas yields (low revenue) and high residual solids for disposal
(incurring large OPEX). These challenges exist in both potential new AD applications and within
existing AD plants where changes in environmental regulations, such as lower TN discharge, are
changing upstream processes in such a way that feedstock degradability is reduced. Opportunities to
process more complex and challenging substrates have driven extensive research into pre-treatments
that aim to make the substrate more biodegradable (e.g., WAS thermal hydrolysis, crop residues silage)
and/or remove inhibitory compounds (e.g., phenols in petrochemical wastewater, ammonical nitrogen
in poultry manure). Carrere et al. (2010) published a comprehensive review on pre-treatments prior
to AD, which also discusses the relative suitability of each pre-treatment type for different substrate
types. However, pre-treatment development remains relatively immature. Commercial applications of
AD pre-treatment are increasing, as pre-treatment technologies continue to improve, and optimization
strategies develop such that the benefits seen during AD exceed the pre-treatment cost.

Presence of process inhibiting compounds: Many potential feedstocks for AD contain potential
inhibitors of AD microbiology, including sodium and long chain fatty acids in fish processing waste,
potassium in molasses, ammonia in some manures, heavy metals in industrial wastes (leather
manufacture) and more. There is extensive ongoing research in AD inhibition and resilience and
on how inhibitors impact the microbial community of the anaerobic digestion process. Inhibition
reviews have been published by Chen et al. (2008, 2014), Rajagopal et al. (2013) and Yenigiin and
Demirel (2013). Results generally show that there are not universally applicable inhibition threshold
concentrations for any inhibitory compound, rather that inhibition resilience is influenced by factors
including: (i) digester substrate type; (ii) digester configuration; (iii) experimental techniques; (iv)
microbial community; and microbial acclimation. There remain knowledge gaps regarding the
relevance of each factor behind the large variability on inhibition threshold concentrations. The
relationship between process performance, inhibition resilience and microbial community is also a
topic that warrants further research.

Micronutrient requirements: There remains a poor understanding of the requirements and function
of some micronutrients in AD processes. Micronutrients such as Fe, Ni, Mo, Co, and Se are cofactors
in numerous enzymatic reactions and must be present for the process to occur (Romero-Giiiza et al.,
2016), however these compounds also result in process inhibition at high levels. There is a lack of
understanding regarding the requirements of micronutrients, and the complexing or bioavailability of
micronutrients in poorly performing processes.

Anaerobic co-digestion (AcoD): The simultaneous digestion of two or more substrates can be an
opportunity to overcome the drawbacks of mono-digestion (single substrate anaerobic digestion)
and improve the economic feasibility of existing AD infrastructure. The feasibility of AD plants is
improved through the increased biogas production and the treatment of several wastes in a single
facility to ‘share/reduce’ treatment costs. AcoD ideally focuses on mixing substrates that promoted
positive interactions between substrates (e.g., macronutrient and micronutrient equilibrium, moisture
balance and dilution of challenging compounds (i.e., grease trap wastes). However, due to the industrial
outlook of AD plants and because the improvement of methane production is primarily linked to
the increased organic loading rate, rather than positive interactions, all kinds of mixtures have been
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considered and applied at full-scale (Mata-Alvarez et al., 2014). The fact that each co-digestion scenario
is different means that AcoD implementation will always require a minimum level of decision-making,
risk management and research. There is a need to develop comprehensive tools to support co-substrate
selection. Ideally, this tool would consider the plant-wide implications of AcoD, include positive impacts
from enhanced biogas revenue and negative impacts from increased nutrient load, sludge production
and residual solids handling (Arnell ef al., 2016). Anaerobic co-digestion including research and full-
scale case studies has been extensively reviewed in the recent years and we would to refer the reader to
the following documents: Mata-Alvarez et al. (2014), Nghiem et al. (2017) and Xie et al. (2018).

5.6 SUMMARY

Anaerobic digestion (AD) is a complex biochemical process where organic matter decomposes in the
absence of oxygen through four sequential metabolic steps, namely: (i) hydrolysis; (ii) acidogenesis
(primary fermentation); (iii) acetogenesis (secondary fermentation); and (iv) methanogenesis. The AD
process is flexible enough to be applied to both wet and dry organic wastes, although the moisture
content will impact reactor design, mass transfer phenomena and ultimate process rates. The principle
products of anaerobic digestion are biogas (CH, and CO,) and non-digested residues termed digestate.
When biogas is captured and burned to generate heat and/or electricity, AD processes are generally
considered as net-energy producing and this is a core advantage of the technology. Nutrients are
preserved during AD and this provides the opportunity to use digestate as a fertilizer or a precursor
of other value-add technologies.

Feedstock composition is a key parameter that impacts both the metabolic pathways required for
anaerobic degradation and the degradation end-products including methane yields. Theoretical methane
yields are related to the chemical structure and the COD/VS ratio of the substrate. Theoretical yields for
completely degradable model substrates range from 415 L. CH, kg VS to 496 L. CH, kg~! VS and 1007 L
CH, kg VS (gas volumes expressed at 0°C, 1 atm) for carbohydrates, proteins and lipids respectively.

In practice, biogas production is lower than the theoretical yields due to the complex structure
of feedstocks and the presence of non-anaerobically degradable compounds such as lignin, inert
organics or inhibitory compounds. Practical estimates of methane potential are based on experimental
anaerobic biodegradability assays, such as the BMP test which determines: (i) the ultimate methane
potential (B,) - the maximum volume of methane that can be produced from a specific sample; (ii)
degradable fraction f, - the fraction of COD that is biodegradable and can be converted to methane;
and (iii) apparent first order hydrolysis rate coefficient (ky,,q) - the speed of degradation.

A broad range of AD technologies are commonly used including lagoon-based technology, high
rate granular processes, high rate membrane processes, continuous mixed liquor digesters, solid phase
reactors and multi-stage or hybrid configurations. Selection of AD reactor technology is based on
several considerations related to both the characteristics of the feedstock and constraints at the plant
location. Considerations related to the feedstock include the fractionation between particulate and
soluble organic material, the presence of fat, oil and grease, the moisture content and the expected
time required for degradation. Considerations related to the plant location include the available
footprint, local climate and presence of supporting infrastructure.

There are three core factors that determine the sizing of AD processes: (i) managing organic load to
provide beneficial conditions for methanogenesis (including maintaining pH above 7.0); (ii) maintaining
sufficient retention time for the growth and maintenance of the required AD microbiology; and (iii)
maintaining sufficient retention time to allow for hydrolysis of particulate substrates. The limiting
factor is determined by the feedstock characteristics and the specific process constraints for each
application. In general, feedstocks are classed as solid waste or wastewater, based on the distribution
of particulate and soluble COD.

For AD of particulate substrates, hydrolysis is considered the process-limiting step and reactor
sizing is based on the apparent first order hydrolysis rate, the reactor configuration (i.e., mixed vs
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plug flow) and the extent of degradation desired. Batch, continuous mixed and continuous plug-flow
reactor configurations may be utilized. For AD of soluble substrates, methanogenesis is considered
the process-limiting step due to the slower microbial growth and slower substrate utilization of this
step. Processes treating soluble wastewater often incorporate biomass retentions systems, in order to
decouple the SRT from the HRT. Reactors treating soluble wastewater are typically sized based on the
organic loading rate, with nominal design parameters for each technology type.

While AD processes are a source of biogas and renewable energy, in many AD applications the
process economics and therefore the performance goals are more strongly related to the level of
solids destruction and stabilization. COD and VS are the most common metrics used to assess the
performance of anaerobic digesters. These metrics are used for balancing and calculation of removal
rates. A summary of physical, chemical and biological parameters that may be monitored in order to
maintain reliable process performance, achieve pollutant removal standards or troubleshoot process
failures includes:

«  Chemical oxygen demand (COD): Total COD is used to measure the removal of organic matter in
anaerobic digesters, while soluble COD can be used to monitor the concentration of intermediate
compounds and therefore process stability.

- Volatile solids (VS): VS destruction is a primary measure of process performance and is
measured using three common calculation methods: mass-balance VS destruction, Van Kleeck
VS destruction and apparent VS destruction on gas flow.

« Temperature: Temperature has a strong impact on the biological, chemical and physical
processes that occur within AD processes. Rapid changes in temperature can cause significant
process instability, however progressive changes in temperature also impact process capacity,
with slower reaction rates at lower temperatures.

« pH: Biological activity can be directly inhibited at low pH (<6). Acid-base equilibria of many
common inhibitors is directly impacted by pH, with a corresponding impact on the severity of
inhibition. Maintaining a neutral pH can reduce the impact of both acid and base inhibitors, it
is also important to avoid rapid changes in pH.

« Volatile fatty acids (VFAs): VFA accumulation occurs when there is a change in balance
between acid forming processes (hydrolysis and fermentation) and acid consuming processes
(methanogenesis). VFA accumulation can directly inhibit methanogenesis and can drive changes
in pH which increase inhibition.

 Total ammonical nitrogen: Ammonia inhibition is one of the most common inhibition processes
observed in AD processes. TKN and TAN measurements are commonly included in AD
monitoring programs to analyze the risk of ammonia inhibition and/or to troubleshoot failing
AD processes.

5.7 EXERCISES

Exercise 5.1: A wastewater stream contains 5 g.L.-! carbohydrate, 2 g.L.-! protein and 1 g.L.! fat, oil
and grease. If the waste is completely degradable, calculate:

(@) The maximum theoretical methane that could be produced from this waste stream.

(b) The total volume and composition of the biogas stream (HINT: consider CH, and CO, only).
(c) The potential heat that could be generated from the biogas (HINT 55 M]J.kg! CH,).

(d) The potential electricity that could be generated from the biogas (HINT: electrical efficiency 0.35).

Exercise 5.2: A solid phase plug flow digester is loaded with a waste stream that contains tCOD at
120 000 g.kg'. The waste stream has a degradable fraction of 0.65 and an apparent hydrolysis rate
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coefficient of 0.08 day . If the waste is well inoculated and the SRT in the reactor is 30 days, determine
the expected methane yield (per gCOD added) and the fraction of COD removed.

Exercise 5.3: Typical wastewater production from an animal processing plant is shown below:

Flow: 2500 m3.d!
COD: 6000 mg.L!
TSS: 1000 mg.L!
FOG: 2500 mg.L!
TKN: 200 mg.L!
TP: 65 mg.L!

pH: 7-9

Temp: 36°C

(@) Using organic loading rate as a critical design parameter, estimate the size of an AnMBR
required to treat this wastewater.

(b) The AnMBR is designed with an external submerged membrane module containing
microfiltration membranes. If the membranes operate at a flux of 15 LMH, estimate the
required membrane surface area.

(c) If the external membrane module contains approximately 100 m2? per cubic meter of tank
volume, estimate the additional tank volume required for the membranes.

(e) Estimate the methane production when COD conversion in the reactor is 80% of the organic load.

Exercise 5.4: Experimental results from a series of bio-chemical methane potential tests are shown in
the table below.

Time Pig Manure Grease Trap Waste Organic Fraction of MSW

(Pays)  cu. (Lkgvs™) CH, (LkgVsT) CH, (L.kgVs )
0 0 0 0
2 112 419 36
4 187 607 66
6 238 691 90
8 271 729 110
10 294 746 126
15 323 758 155
20 334 760 173
25 338 760 184
30 339 760 190
40 340 760 196

(a) For each substrate, determine the ultimate methane potential (B,), and the apparent hydrolysis
rate coefficient (k,,) (HINT: you can use graphical methods to estimate the parameters).
(b) Do any of the tests show signs of microbial inhibition?

Exercise 5.5: For each of the wastewater streams in the table below, suggest a suitable anaerobic
digestion technology. Justify your selection:
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Industry Municipal Primary Sludge  Paper Mill Wastewater Mixed Horticultural Waste
Volumetric flow (m3-d-1) 80 1200 150 (seasonal)

tCOD (mg.LY) 70 000 10000 265000

sCOD (mg.L) 22000 6500 30000

TSS (mg.L) 44000 150 215000

VSS (mg.L1) 34000 140 180 000

FOG (mg.L) 3000 <1 1500

TKN (mg.L) 1500 30 3500

TP (mg.LY) 260 <1 520

Exercise 5.6: A food production plant discharges wastewater to the sewer after primary treatment. As
is typical in food processing plants, the WWTP sees large variations in wastewater quality and flow,
with the following characteristics after primary treatment:

Flow: 900-1500 m3.d!
COD: 600-1000 mg.L!
TSS: 250 mg.L-!

pH: 7-9

Temp: 32°C

The food processing plant is in a rural location with a warm temperate climate. The plant is considering
either a covered anaerobic lagoon or a high rate granular process:

(@) If a UASB reactor is used to treat this wastewater, recommend an appropriate reactor size.

(b) If a covered anaerobic lagoon is used to treat this wastewater, recommend an appropriate
lagoon size.

(c) Presentadvantagesand disadvantages of each treatment option and provide a recommendation.

(d) Discuss design strategies or ancillary equipment that could be added to the process to address
the disadvantages mentioned in part (c).

Exercise 5.7: Consider the mixed liquor anaerobic digestion process summarized in the flowsheet below:

>

Biogas
Anaerobic Digester 110 Nm?.h*
V =5,000 m? CHs=62% v/v
T=35°C CO,=38% v/v

>

Feedstock Digestate
210 m3.d?! TS=26g.L?
cob=50g.L! VS=19g.L?
TS=40g.L?

VS=33g.L?
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(@) Determine the solids retention time in the process.
(b) Calculate the organic loading rate for the process.
(c) Calculate the volatile solids destruction using: the mass balance equation, the Van Kleeck

Equation, gas flow.
(d) Estimate the fraction of COD removed from the waste stream and the expected COD
concentration of the digestate.

Exercise 5.8: You have been asked to evaluate a novel two-stage anaerobic digestion process shown
in the flowsheet below. The digesters have been constructed above the ground using concrete without
insulation. The average ambient temperature is 25°C.

>
Feedstock Biogas
230 m3/d 160 Nm3/h
COD=58g/L CHs = 64% v/v
TS=48 g/L C0O;=34%v/v
VS =36g/L
T=25°C
—l >
Digestate

An.aerobic Digester 1 ;rlz _ 212; ZIL

Height =8 m Anaerobic Digester 2

Diameter =12 m Height =10 m

T=55°C Diameter =22 m

T=37°C

(@) Calculate the solids retention time for each digester and the combined retention time for the
process. Is the retention time sufficient?

Calculate the heating requirement for anaerobic digester 1

Calculate the heating requirement for anaerobic digester 2

Calculate the heating energy from combustion of the biogas.

Is this process net energy-generating or net energy-consuming?

=

(
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(
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Exercise 5.9: You have been asked to evaluate the feasibility of single-stage anaerobic digestion
applied to dairy manure. The raw dairy manure has a composition of 210 g.L-* TS, 185 g.L-! VS,
295¢g.L-1 COD, 4.4 g.LL-' TKN and an average daily production rate of 60 metric ton/day on a fresh
weight basis. Your laboratory has conducted BMP testing and reported that the B, f,, and k4 values
for the waste at 35°C are 340 L.kgVS-!, 0.55, and 0.14 day! respectively. Consider the two options
below:

(@) A continuous mixed liquor reactor with a maximum feed concentration of 5% TS.
(b) A continuous solid phase plug flow reactor with a maximum feed concentration of 15% TS.

Determine the size requirement of each option. Discuss how this might impact the footprint and heating
requirement (no calculations required). Which option would you recommend, explain your answer?
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5.8 DISCUSSION QUESTIONS

Question 5.1: A brewery is considering a number of different technology options for a new wastewater
treatment plant. There are three contemporary aerobic options proposed, along with one anaerobic
technology.

What issues would you consider in evaluating aerobic versus anaerobic technologies?
What data would you request in order to assess and evaluate the technology options?
What specific differences would you expect when evaluating technology options?

Question 5.2: You work for a large water corporation. The General Manager recently made a
commitment to the public that your wastewater treatment processes will achieve ‘energy neutral’
operations within ten years.

« How would you define ‘energy neutral operations’?

- What impacts do you think this may have on the treatment process or treatment goals?

- Whatare the major energy-consuming and energy-generating processes that need to be considered?

+  How do you think you can achieve ‘energy neutral operation’ and what changes or technologies
would be required?

Question 5.3: A domestic sewage treatment plant (65 ML.d ') comprises along sludge age BNR activated
sludge system. There is no primary sedimentation. Sludge production at the site is approximately
1000 metric tons of sludge per day at a total solids content of 2%. There is a landfill approximately
15 km from the treatment plant, but there is a levy for each ton of waste that enters the landfill. Land
application is allowed if the sludge achieves stability, pathogen and contaminant requirements. The
cost of distributing the material across the land is relatively low, however the closest land available is
150 km away and transport costs must be considered.

« What are some of the major factors to consider when evaluating the treatment and disposal
options for this sludge?

- When considering AD of this material, there are likely going to be some specific challenges that
impact the design, performance and economics of the AD process. What are these challenges?

« What techniques could be utilised to improve AD potential?

Question 5.4: Biosolids is a term used to describe waste organic sludges, typically sewage sludges
that have been treated and stabilised. In some countries, a high fraction of biosolids are re-used on
agricultural land, while in other countries land application is banned and biosolids are sent to landfill
or to incineration. Discuss the relative merits and potential risks of applying biosolids to farm land.
How are these risks addressed through conventional treatment processes such as anaerobic digestion?
Are there alternative technologies that could better manage these risks?

Question 5.5: Many sewage treatment plants are built to handle population growth within the
catchment area within the plant operating life. As a result, anaerobic digesters at STPs can have large
amounts of spare treatment capacity. Discuss options to utilize this spare treatment capacity. Discuss
the impacts of your suggestion on the STP and downstream processes. What are some pros and cons?

Question 5.6: In the energy crop industry, crops are grown specifically for the production fuel and
energy, either via alcohol fermentation, anaerobic digestion or briquetting and combustion. However,
energy crop industries utilise farm land that could otherwise be used for food production. Discuss the
relative merits of food and energy production and the competition for farm land. How is this situation
likely to change in the future?

Question 5.7: In a linear economy, resources are obtained, refined into products, the products are
consumed and the wastes disposed. A circular economy seeks to extend the lifecycle of resources
through more efficient production and use, but also through the recycling of waste streams into
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new products, thus extending or renewing the cycle. Does anaerobic digestion fit within a circular
economy? Discuss and justify your answer.

Question 5.8: Anaerobic digestion is one of several waste-to-energy platforms that are currently
applied at a commercial scale. Other existing and emerging waste-to-energy technologies include
combustion, incineration, gasification, pyrolysis and hydrothermal liquefaction. However, energy
is not the only valuable product that can be produced from the waste. The carboxylate platform
is a concept where mixed cultures of microorganisms convert organic waste to carboxylates that
can subsequently be converted to useful bioproducts and commodity chemicals. Considering these
technologies and others, discuss the emerging competition for the carbon in waste and criteria that
could assist in selecting the best use for carbon recycling from waste.
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6.1 INTRODUCTION

Anaerobic digestion is a mature biotechnology production platform that is mainly used in a
decentralized manner at many wastewater treatment plants, industrial sites, and farms all over the
world (Angenent et al., 2004; Lettinga, 1995; also see Chapter 5 of this book). The produced biogas
contains approximately 35-50% carbon dioxide besides methane. The carbon dioxide at such high
concentrations reduces the energetic density of biogas and renders it to be utilized on-site in a low-
efficiency way. However, this carbon dioxide can be removed or even converted into methane. The
resulting renewable natural gas containing primarily methane (~97-98%; only little carbon dioxide
and other minor gaseous impurities), which is also referred to as biomethane, can be injected into the
existing natural gas grid.

The conversion of carbon dioxide from biogas into more methane within a power-to-gas (PtG)
system could almost double the methane yields from anaerobic digesters. Pumping this renewable
natural gas into the existing natural gas grid would connect all decentralized anaerobic digesters and
use the total amount of produced methane as an important energy carrier in the energy economy.
For example, this methane can be used as a preferred low-carbon fuel for trucks, buses, and other
heavy vehicles. Alternatively, the carbon in biomethane from a centralized system can also be used
as a source for chemical production or for alternative energy carriers, such as carbon monoxide or
hydrogen, after post-treatment (Verbeeck et al., 2018).

Even though injecting biomethane from biogas into the natural gas grid has been technically
feasible for quite some time, this has yet to become an economically attractive proposition. Here, we
will discuss and explain the recent technological advances that can make such a proposition more
attractive in the future. Of course, regulatory constraints, the absence of political will, and cheap fossil
fuels have also been very important deterrents in addition to the lack of technological advances, but
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we will not discuss these here. We would like to refer the reader to Chapter 13, where the regulatory
aspects are discussed in more detail.

We will start this chapter by explaining why carbon dioxide is produced in anaerobic digestion in
the first place. Then, we will focus on how to possibly increase the amount of methane and carbon
dioxide (biogas) from biomass conversion with anaerobic digestion. This increase can be achieved
by biological means, such as by increasing the temperature to improve biomass breakdown, or non-
biological means, such as by integrating thermochemical process units upstream or downstream of
the anaerobic digester. The resulting increase in the amount of methane (the energy carrier) will make
it more attractive in the future to invest in technologies to remove or convert carbon dioxide from the
biogas, and is, therefore, important here.

The integration of abiotic processes with anaerobic digestion to improve its economic feasibility
was also recently described in a review paper (Angenent et al., 2018). We continue the chapter
by describing three mature abiotic examples (water scrubbing, amine scrubbing, and pressure-
swing adsorption) to remove carbon dioxide and other impurities from biogas. The removed
carbon dioxide is either: (1) released into the atmosphere; or (2) converted into more methane in a
downstream carbon dioxide conversion system with the opportunity to almost double the methane
yields.

One of the systems to convert carbon dioxide into more methane is with ex-situ biomethanation (in
a separate bioreactor from the anaerobic digester) with thermophilic (65°C) methanogenic archaea
(Martin et al., 2013). Archaea are single-cellular microbes from a different domain of life than bacteria
and eukarya and are therefore not closely related to bacteria (Pace, 1997). Engineers have performed
carbon dioxide conversion by introducing hydrogen gas (from an abiotic electrolyzer by water
splitting) together with the carbon dioxide (from biogas) into a bioreactor. Because the hydrogen gas
would be produced from renewable electric power (i.e., windmills, photo-voltaic), the biomethanation
system, which is also referred to as power-to-gas (PtG), becomes a storage-enabling technology for
renewable electric power. The existing storage capacity for this renewable natural gas in natural gas
grids exceeds several months during peak demand. We will discuss and explain the PtG technology
by introducing the electrolyzer, the bioreactor, and the biocatalyst. Finally, we end this chapter with a
perspective on some future considerations.

6.2 LEARNING OBJECTIVES
At the completion of this chapter you should be able to:

- Discuss the technological advances that are needed to connect anaerobic digesters to biogas
upgrading and thermochemical processes, and to make it a major player in the energy economy.

- Explain why anaerobic digesters have been characterized by a high methane yield and have been
referred to as extreme fermentation.

« Explain the fundamental principles of scrubbing, membrane separation, and pressure-swing
adsorption for carbon dioxide removal from biogas.

« Name and explain the fundamental principle of two hydrothermal technologies that can increase
the methane yield from biomass conversion and place them in their optimum location before or
after the anaerobic digester.

+ Discuss why it is advantageous to perform PtG with a thermophilic bioreactor compared to a
mesophilic bioreactor.

- Synthesize all the knowledge in this chapter and describe how you would make the connected
anaerobic digestion system produce the most methane.

« Characterize and explain specific challenges for the connected anaerobic digesters and
biomethanation systems in a society that runs on renewable electric power and renewable
natural gas.
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6.3 WHAT DRIVES METHANE AND CARBON DIOXIDE YIELDS IN ANAEROBIC DIGESTION

6.3.1 Thermodynamic reason for high methane yields — extreme fermentation

Methane fermentation, commonly known as anaerobic digestion (AD), is a biochemical process
whereby organic compounds are transformed by a series of biochemical reactions that ultimately result
in: (1) methane and carbon dioxide in biogas; and (2) biomass due to cell growth. The open culture
(open, because new microbes are constantly introduced with the substrate) of microbial consortia (the
microbiota), which is also referred to as a reactor microbiome, consists of an anaerobic food web with
many different bacteria and archaea that are working together.

Heterotrophic bacteria oxidize complex organic compounds, such as sugars and fatty acids, without
oxygen into fermentation products (including, hydrogen, carbon dioxide, acetate, propionate, acetate,
butyrate, and ethanol) to obtain energy (i.e., ATP) that is required for synthesis of new cells and cell
maintenance. In addition, methanogenic archaea (methanogens) produce ATP by using either:

(1) acetate (acetoclastic methanogens) to cleave the acetate into methane and carbon dioxide
(Equation (6.1)):

CH;COOH — CH, + CO, (6.1)

(2) hydrogen and carbon dioxide (hydrogenotrophic methanogens) to produce methane and water
(Equation (6.2)):

Similar to all biochemical reactions, energy is gained by sets of redox reactions for which an electron
donor (for humans this is food) and an electron accepter (for humans this is oxygen) are required.

Under anaerobic conditions, no external electron acceptor, such as oxygen, is available, and the only
solution to gain energy is to use the organic substrate in waste as both the electron donor and electron
acceptor (i.e., fermentation). In doing so, the methanogenic microbiome produces the most reduced
carbon possible, which is the carbon in methane (oxidation state of —4), and the most oxidized carbon
possible, which is the carbon in carbon dioxide (oxidation state of +4) (Figure 6.1) (van Haandel &
van der Lubbe, 2012). The oxidation state of carbon is defined as the degree that electrons are being
lost due to oxidation. This way, the microbiome essentially harvests all the energy that possibly can
be retrieved from the organic substrate without the presence of a common electron acceptor, such as
oxygen (Hanselmann, 1991).

CH,,0; (0) > 3 CH,(-4) +3 CO, (+4)

——

Carbon dioxide Glucose Methane
| | |
I 1 1
+4 0 -4
Oxidation state = " lost during oxidation of carbon atom

More reduced: more electrons per carbon atom

Figure 6.1 Schematic to explain that an electron balance should be maintained for the closed off anaerobic digester,
resulting in both methane and carbon dioxide being produced with an organic substrate such as glucose. For carbon
dioxide the carbon atom has an oxidation state of four, which means that four electrons were used up during
oxidation, while the opposite is true for methane (oxidation state of minus four: four electrons were gained during
oxidation). With equal molar numbers for the products, the electron balance for carbon is maintained (0=-4+4).
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Thisimplies that, upon completion, any other type of fermentation (e.g., to lactate, butyrate, caproate)
will produce less free energy for the microbes compared to AD, and thus a lower yield of the carbon
end product. Furthermore, since both methane and carbon dioxide bubble out from the bioreactor
broth when they are produced, there is no product accumulation (no additional thermodynamic
limitations). When the conditions are favourable, such as a neutral pH in the fermentation broth,
a very long residence time of the substrate, and in the presence of methanogens, the desired carbon
product will be primarily methane, and not, for example, lactate, butyrate, or caproate. As a result, the
methane yield (the methane formed compared to the degraded organic substrate) will be high, and the
carbon product yield will be higher than for any other fermentation. This also implies that AD should
never be underestimated as a biotechnology production platform, because it is a way of steering the
conversion of a complex substrate into one carbon product with the highest yield possible.

6.3.2 Why carbon dioxide is produced besides methane - electron balance

Biogas is composed of a mixture of gases for which methane and carbon dioxide are the main
constituents. Although biogas from complex organic substrates is typically composed of ~60%
methane and ~40% carbon dioxide (v/v), the exact proportion between the two gases is entirely
dependent on the mixture of organic compounds within the AD influent (substrate). For example,
carbohydrates, such as the sugar glucose (with carbon at an oxidation state of zero), will produce
equal molar parts of methane (50%) and carbon dioxide (Equation (6.3)):

Proteins and lipids will produce higher proportions of methane (69 and 70% methane [v/v],
respectively).

The explanation why there is always carbon dioxide being formed from organic carbon compounds
during AD lies again in the understanding that life is based on redox reactions within a completely
anaerobic and closed-off vessel. In the case of methane fermentation, this involves both the reduction
of carbon in the organic compound to form methane (gaining electrons); and the oxidation of carbon
in the organic compound to form carbon dioxide (using up electrons). Since besides a carbon balance
we also need an electron balance, carbon dioxide has to be formed besides methane, otherwise we
would end up with more electrons in the product compared to the organic substrate, and that is
not possible. Only by adding electrons, for example, in the form of hydrogen gas and by utilizing
hydrogenotrophic methanogens (Equation (6.2)), can we reduce the amount of carbon dioxide in the
biogas.

6.3.3 How to improve methane yields with biology - thermophilic AD
As temperature increases, microbial rates, and therefore methane production rates of AD, also
increase. This, however, does not occur in a temperature continuum - there are three main temperature
ranges for optimal microbial growth: psychrophilic (<20°C), mesophilic (30-40°C), and thermophilic
(55-65°C). With each incremental temperature range, both the thermodynamics and the kinetics of
methane production improve. Better thermodynamics, however, has little impact on methane yields.
Why? Because thermodynamics only dictates if a reaction will proceed, and thermodynamics for
the two main biochemical pathways of methane production in AD are already well favoured, even at
psychrophilic temperatures. Conversely, improved kinetics has a significant impact on the methane
production rates. Essentially, a digester operated at thermophilic temperatures can achieve higher
volumetric methane production rates (in m3 methane per m? reactor volume per day) than the same
digester operated at mesophilic temperatures when all other conditions are held equal.

Still, operators of anaerobic digesters can look forward to higher methane yields due to the
faster kinetic rates of certain biochemical reactions (Labatut et al., 2011). This is because hydrolysis
(solubilization) of non-soluble organic waste biomass is the rate-limiting step in AD, resulting in a



Upgrading anaerobic digestion within the energy economy - the methane platform 145

non-complete degradation. Because of a considerable faster reaction rate for thermophilic bacteria
that perform this hydrolysis compared to their mesophilic counterparts in similar bioreactor volumes
(the residence times are similar), more of the non-soluble substrate is solubilized, resulting in higher
methane yields. Despite this advantage, most anaerobic digesters are operated under mesophilic
conditions because of the higher energy input required and poorer process stability observed in
thermophilic AD (Labatut et al., 2014). Therefore, a chance exists at most AD locations to improve
the methane yields by increasing the operating temperature of the digester.

6.4 HOW TO IMPROVE METHANE YIELDS OR PRODUCE OTHER ENERGY-CARRIERS WITH
HYDROTHERMAL SYSTEMS

6.4.1 What are hydrothermal systems?

One of the emerging technologies that can be coupled with AD to improve the overall energy return is
hydrothermal processing - an attractive option for the production of energy and bio-based chemicals
from organic substrates. The main advantage of hydrothermal processes is the use of water as the
reaction media, in contrast to dry thermochemical processes (i.e., pyrolysis or gasification) which
require the removal of water prior to the process. Thus, hydrothermal processes offer opportunities
for an energy efficient valorization of wet biomass, such as animal manure and food wastes, before
or after AD (Posmanik et al., 2018). The hydrothermal reaction is based on substantial changes in
the properties of water, occurring between the boiling temperature and the critical point (7, =374°C;
P,=22 MPa) (Figure 6.2). Water above its saturation pressure (dark line in Figure 6.2) remains in a
liquid state at elevated temperatures (usually referred to as subcritical water or subcritical liquid).
Under such conditions, several properties of water rapidly change and turn the water into an

TCn'Iica/
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Pressure (Mpa)
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Figure 6.2 Phase diagram of water with the environmental conditions pressure and temperature, showing where
specific hydrothermal processes occur in subcritical and supercritical regions. From low to high temperature and
pressure, the hydrothermal processes are: thermal hydrolysis (TH), hydrothermal carbonization (HTC), hydrothermal
liquefaction (HTL), and supercritical water gasification (SCWG).
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attractive media for chemical conversion processes, including fast hydrolysis, phase fractionation,
and re-polymerization reactions (Peterson et al., 2008; Tekin et al., 2014).

Hydrothermal processes can be classified depending on their processing temperature and
pressure, yielding different product distributions. A reaction at relatively low temperatures (up to
170°C) is referred to as thermal hydrolysis (TH) and generally results in hydrolysis of carbohydrates.
Hydrothermal carbonization (HTC) occurs at mild temperatures (170-250°C) and pressures around
2.5 MPa to generate a solid product (char) that can be used as an energy product or for agricultural
purposes. Between 250 and 370°C and operating pressures between 5 and 22 MPa, hydrothermal
liquefaction (HTL) is favoured, generating an energy-dense bio-crude oil, which can be used as a liquid
fuel. Beyond the critical point of water, supercritical water gasification (SCWG) typically takes place
to convert the feedstock into a combustible gas: methane-rich in the near-critical region and H,-rich
at temperatures above 600°C (Figure 6.2).

6.4.2 Thermal hydrolysis (TH) as a pre-treatment to AD

Thermal hydrolysis (TH) of sludge prior to AD is an established mature technology which has been
commercially available for more than 20 years. TH combines sterilization of the biomass (e.g., waste
activated sludge at a domestic wastewater treatment plant) with improving its biodegradability to
favour AD performance, resulting in higher methane yields (Barber, 2016). The main advantages of
TH are: (1) increasing the organic loading rates (i.e., minimizing the size of the digester) due to a better
degradability of the biomass; (2) increasing the yield of biogas from the biomass; (3) improving the
dewaterability of the sludge (i.e., reducing the downstream processing costs); and (4) sterilization of
the sludge, possibly allowing downstream land application.

The optimal operating conditions involve temperatures between 160 and 180°C for 20-40 minutes
(Bougrier et al., 2008; Stuckey & McCarty, 1984). TH is generally favoured to treat carbohydrate- or
protein-rich sludge and has little influence on the lipids. Therefore, it is more suitable to treat waste
activated sludge, rather than primary sludge (Wilson & Novak, 2009). Because TH increases the
solubility of proteins and improves the breakdown by the digester microbiome, an increase in free
ammonia and alkalinity is a major challenge of the technology. Currently, ammonia toxicity is the
rate-limiting design consideration, requiring dilution of the hydrolyzed sludge prior to feeding it to
the anaerobic digester. Regardless, full-scale systems exist, including the TH system at the Blue Plains
wastewater treatment facility in Washington, DC, USA.

6.4.3 Hydrothermal liquefaction (HTL) as a pre- or post-treatment for AD

HTL is an emerging technology, yet very promising, due to the valuable product (bio-crude oil) it
generates within a relatively short reaction time (<60 minutes). Therefore, HTL can be coupled to an
AD to yield additional valuable products, to recover nutrients, to stabilize the waste, and to expand
the overall efficiency of the waste management system. One process integration option is by using the
HTL aqueous product as a substrate for a high-rate AD system such as an upflow anaerobic sludge
blanket (UASB) reactor — thus the HTL system as a pre-treatment for AD. Researchers demonstrated
that combining HTL and AD indeed increased the recovery of the total energy from food waste
(Posmanik et al., 2017). However, the total energy balance of such process integration provides a
trade-off between bio-oil (gained from HTL) and biogas (gained from AD).

Another process integration option is by using AD effluent as the feedstock for HTL - thus as a
post-treatment for AD. Looking into that scenario, researchers showed that changing the hydraulic
retention times (the length of time that the liquid waste remains in the vessel) in the AD directly
affected the yield of the bio-oil that was produced in the HTL, with the highest yield at a residence
time of 38 days and the lowest yield at a residence time of 60 days (Eboibi et al., 2015). Of course, a
longer residence time in the AD resulted in less substrate for HTL.
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6.5 REMOVING CARBON DIOXIDE FROM BIOGAS

6.5.1 The basic principle of carbon dioxide separation

To introduce renewable natural gas into the natural gas, grid each jurisdiction has different regulations
and standards, but as a general rule the gas should consist of ~97-98% methane. Carbon dioxide can
be separated and removed from biogas using a variety of techniques. The techniques described in this
section will include: (1) physical absorption; (2) chemical absorption; and (3) adsorption. Although
the specific mechanisms involved with each technique are different, they all rely on the same basic
principle, which is the preferential retention or exclusion of one or more components in a fluid, based
on differences in its physical and chemical properties. Specifically, we want to produce a concentrated
(or enriched) stream of methane gas by selectively removing carbon dioxide from biogas.

6.5.2 Physical and chemical absorption

Absorption is a process involving the entrainment or incorporation of a fluid component (liquid or
gas) into the bulk phase of a liquid or solid. The bulk phase material responsible for entraining the
fluid component is called the sorbent. Absorption is achieved via two main mechanisms: (1) physical
absorption; and (2) chemical absorption. In physical absorption, the fluid component is physically
trapped inside the matrix of the bulk phase material without the aid of chemical bond formation.
Physical absorption could be the entrapment of H, gas molecules between the interstitial spaces of
liquid water, for example, or the diffusion of oil into the pores of a clay mineral. Chemical absorption,
on the other hand, involves the formation of chemical bonds between the fluid component and the
bulk phase of the material. For example, hydrogen sulphide (H,S) in a gas stream can be chemically
absorbed and precipitated by exposing it to a bed of steel shavings, which contain ~99% iron (II), in
the solid-state reaction (Equation (6.4)):

Fe(zst + HzS(g) — FES(S) + Hz(g) (64)

6.5.3 Physical absorption of carbon dioxide using water scrubbing

The most common application of physical absorption for carbon dioxide removal from biogas is water
scrubbing. In this process, carbon dioxide from the biogas is readily absorbed by water (sorbent)
with minimal absorption of methane. This preferential absorption of carbon dioxide is due to the
high solubility of carbon dioxide in water (1.45g L', at 25°C and 100 kPa [1 atm]) compared to
methane (0.022 g L', at 25°C and 100 kPa). The solubility of carbon dioxide and methane is also
greatly affected by temperature and pressure. Solubility of these gases will decrease (S|) at higher
temperatures (T1), and increase (S1) at higher pressures (P1). In other words, solubility is indirectly
related with temperature (S| -T1; ST-T]), and directly related with pressure (ST-PT; S| -P|).

Another important parameter in gas absorption is the mass transfer rate of the gas into the bulk
medium. Overall mass transfer is directly related to the concentration gradient, the interface contact
area, and the contact time. For example, we know intuitively that mixing will increase the absorption
rate of carbon dioxide into water. This is because mixing prevents accumulation of dissolved carbon
dioxide at the gas/liquid interface, thereby maintaining a high concentration gradient. Another way to
increase mass transfer is to create small gas bubbles at the bottom of a water column using diffusers.
The small gas bubbles have a higher surface area per unit volume compared to larger gas bubbles,
thereby increasing the interface contact area. Small gas bubbles also experience higher drag forces
compared to large gas bubbles, which slows their ascent through the water column and increases the
contact time between the gas bubble and the water. Now that we have explained these basis concepts,
we can describe a typical water scrubbing system.

Most water scrubber systems are configured as tall, vertical columns (Figure 6.3). Water is sprayed
into the top of the column, while the biogas is introduced at the bottom of the column. The biogas (at
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Figure 6.3 Diagram of a typical water scrubbing system for biogas upgrading. The system contains three main
components: (1) a carbon dioxide absorption column (left block); (2) a flash tank (middle block); and (3) a carbon
dioxide stripping column (right block). Compressed biogas is injected into the carbon dioxide absorption column
while air is directed through the carbon dioxide stripping column. Water is recirculated between the three
components and introduced to the top of each column via sprayers. Wet biomethane leaving the carbon dioxide
absorption column is passed through a gas dryer (depicted here as a plate heat exchanger).

approximately 35°C) is usually pressurized (i.e., 600-1200 kPa) to promote carbon dioxide absorption
as it rises through the column. Packing material is often added to the column as well to increase
turbulence and better mix the biogas and water streams as they pass each other in a counter-current
flow. As they interact, proportionally more carbon dioxide is absorbed compared to methane. By the
time the gas stream leaves the top of the column it is almost completely depleted of carbon dioxide and
enriched with methane (e.g., >97%).

The gas leaving the column, which can now be called biomethane, will then be transferred to
a drying process (e.g., cooled in a heat exchanger) to remove the moisture picked up during the
scrubbing process (Figure 6.3). On the other end of the column, the water leaving the bottom is now
rich in dissolved carbon dioxide, with only low levels of dissolved methane. This carbon dioxide-laden
water is sent to a low-pressure flash tank (i.e., 200-400 kPa), which causes a quick dissolution of the
dissolved methane while at the same time retaining most of the carbon dioxide. The off-gas from
the flash tank is then recycled back to the water scrubber and combined with fresh biogas. Finally,
the carbon dioxide-laden water is transferred to the top of a stripping column at low pressure (i.e.,
100 kPa), where the carbon dioxide is desorbed or driven-off from the water using an upward-flowing
air stream. The regenerated water is then returned to the water-scrubbing column to complete the
cycle (Figure 6.3).

6.5.4 Chemical absorption of carbon dioxide using amines

Amines are compounds similar to ammonia (NH;). In both cases, nitrogen serves as the central
atom and allows the formation of three chemical bonds. However, unlike ammonia, which has three
hydrogen bonds, amines replace one or more of the hydrogen bonds with an organic functional group
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(e.g. methylamine is basically an ammonia molecule with one H-bond replaced with a methyl group).
Amino acids, which are the building blocks of proteins, are classified as amines. In the context of
carbon dioxide scrubbing, amines, such as diethanolamine (DEA) and methyldiethanolamine (MDEA),
are typically used due to their high selectivity for carbon dioxide compared to methane.

Because of this, they can treat gas streams containing very low concentrations of carbon dioxide,
and thereby achieve higher biomethane purity levels (e.g., >99.9%). An amine scrubber system is very
analogous to a water scrubbing system, consisting of an absorption column and stripping column, but
rather than using water in the absorption column and air in the desorption column, they use an amine
solution and heat, respectively. The heat is required to break the chemical bonds formed between the
carbon dioxide and amine molecules, with the goal to release the carbon dioxide at the end of the
process. Finally, unlike water scrubbing systems, amine scrubber systems do not require a flash tank
to recover methane because the amine solution absorbs very little methane.

6.5.5 Adsorption

Unlike absorption processes, which entrain the fluid inside a liquid or solid bulk phase material,
adsorption processes involve the retention of a fluid on the surface of a solid substratum. The solid
materials are typically selected to have high surface area and porosity to help separate the components
in a fluid mixture based on molecular size and surface-related interactions such as Van der Waals
forces and polar bonds. Typical examples of solid materials that are used for adsorption include silica
gels, activated carbon, carbon molecular sieves, and zeolites. Selective retention of fluid components
can be achieved using two different approaches. The first approach, known as equilibrium-based
adsorption, relies on differencesin surface interactions between the fluid components and the adsorbent
material to selectively retain a component (or components) based on the strength of its interaction.
For example, fluid components with large molecular size can be separated from small molecular
components because the Van der Waals forces holding the large molecules to the solid surface are
stronger than the forces holding the small molecules. At equilibrium, a higher concentration of large
molecules will be adsorbed to the surface compared to small molecules.

The second approach, known as kinetic adsorption, relies on differential rates of adsorption
between fluid components onto the solid surface. For example, solid materials can be selected based
on the pore size to control the diffusion rate of fluid components into the solid matrix. In the case
of methane and carbon dioxide, which have a kinetic diameter of 3.8 and 3.4 Angstroms (A), a solid
substratum (e.g., carbon molecular sieve) with an intermediate pore size could be used to promote
faster diffusion of carbon dioxide (3.4 A) into the pore matrix compared to methane (3.8 A), which
effectively concentrates the carbon dioxide. Finally, like absorption, the process of adsorption
depends strongly on the applied temperature, pressure, and contact time. These parameters can be
manipulated to improve the selectivity of the adsorption process, taking into account the specific
physical/chemical properties of the fluid components.

6.5.6 Biogas upgrading using pressure-swing adsorption

Within the field of adsorption technology, pressure-swing adsorption (PSA) is very common and is
often used for biogas upgrading. As indicated in the name, differential adsorption is achieved by
alternating (swinging) between pressure levels. It works on the principle that at higher pressures
relatively more adsorption occurs, and when the pressure is reduced, the fluid component will detach
or desorb. A typical biogas PSA system is carried out in four steps: (1) pressurization; (2) feeding; (3)
blow-down; and (4) purging. In the first step, the biogas is pressurized to approximately 400-1000 kPa
and delivered to the bottom of an adsorption column where carbon dioxide is selectively adsorbed.
Meanwhile, methane passes through the column with minimal retention. During the feeding step,
the column is fed with pressurized biogas until the adsorption material reaches its carbon dioxide
saturation point. At this stage, the blow-down step begins, which involves shunting the inflow of
biogas to allow the pressure within the column to dissipate. As the pressure decreases, carbon dioxide
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desorbs from the adsorption material, and regenerates the column. Once the minimum pressure is
reached, the remaining carbon dioxide is driven off by purging the column with some of the processed
biomethane to further regenerate the column and complete the cycle. The PSA process can be
configured to run continuously using two or more adsorption columns, where each column is at a
different stage of adsorption or regeneration.

6.6 EX-SITU BIOMETHANATION

6.6.1 PtG concept

The basic concept of PtG is to utilize renewable electric power to produce gaseous energy carriers
(Schiebahn et al., 2015). Currently, two PtG approaches exist (i.e., power-to-hydrogen and power-
to-methane). Both use electric power in a first step to split water into hydrogen and oxygen with
an electrolyzer. In the case of a power-to-hydrogen system, hydrogen is the final energy carrier. In
contrast, the hydrogen is further converted into methane with a power-to-methane system in a second
step by introducing it together with carbon dioxide (from biogas or other CO, sources) into a reactor.
The individual reaction steps are:

(1) electrolysis (Equation (6.5)):
4H,0 — 4H, +20, (6.5)

(2) plus methanation (Equation (6.2)), resulting in a net reaction (Equation (6.6)):

The methanation can be performed with methanogenic archaea (biomethanation) or chemical
catalysis (Sabatier process). Biomethanation can use biogas directly without methane separation and
purification because the methanogens can withstand impurities, or even profit from, for example,
sulphur contaminants (hydrogen sulphide) as a growth nutrient. This is different for the abiotic Sabatier
process (thermo-chemical methanation). There, a solid metal catalyst (usually nickel) is present inside
the reactor and catalyzes the methanation reaction. However, the catalyst can be easily poisoned by
impurities. This process is operated at high temperatures to activate the catalyst (300-550°C) and
also at a high pressure (up to 10 000 kPa) to shift the equilibrium of the methanation reaction towards
the products. The Sabatier process, therefore, requires highly purified carbon dioxide. It seems likely
that for systems that are connected to decentralized anaerobic digesters for which stringent biogas
cleaning is difficult, the biological route of PtG will be chosen (Figure 6.4) (Bailera et al., 2017).

PtG is a storage technology for renewable energy, where electric power that is generated by wind
mills or photo-voltaic systems is used to produce gaseous energy carriers (Gotz et al., 2016). In the
case of methane, the gas can be injected and stored as renewable natural gas in the existing natural
gas grid, which offers a storage capacity for methane that exceeds the energy consumption needs
for several months. Although hydrogen could also be stored in the natural gas grid after certain
changes are made, the amount of pure hydrogen that can be injected is strictly limited by regulations,
which restricts the theoretical storage capacity of the power-to-hydrogen technology. Of course, the
natural gas grid could be updated and changed to handle higher concentrations of hydrogen gas,
which is a highly diffusive gas due to its relatively small molecule size. An additional advantage
of the power-to-methane technology is that it can circumvent the release of carbon dioxide at the
decentralized anaerobic digester sites. Carbon dioxide, which would have otherwise been released
into the atmosphere, is converted into methane and used at central locations.

6.6.2 Hydrogen supply via electrolysis
How to transform liquid water to gas? Vaporization is obviously one answer. However, we can also
employ another physicochemical process to split liquid water into more useful and valuable hydrogen and
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Figure 6.4 Schematic of a PtG system to upgrade biogas into biomethane. The process includes an electrolyzer
and a biomethanation reactor for untreated biogas from an anaerobic digester. When the biogas is first cleaned and
without methane, an abiotic methanation reactor is also possible based on the Sabatier process.

oxygen gases. This process is called electrolysis for which electric current drives chemical reactions to
complete the separation of its elements. An electrical circuit, which consists of working electrodes (anode
and cathode) and supporting electrolyte, achieves electrolysis by passing of an electric current (Figure
6.5). Electrons are current carriers in electrodes, whereas charged ionic species carry current through
the electrolyte solution. Chemical reactions are induced by the passage of current but occur only at the
electrode/electrolyte interfaces and not in the bulk of either electrodes or electrolyte. The products of
electrolysis vary depending on the type of electrolyte and the utilized materials for the electrodes.

In alkaline solutions that are electrolyzed by inert carbon or metal electrodes, hydroxide ions (OH")
will migrate as major current carriers in the solution, and oxidize at the anode to produce oxygen.
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Figure 6.5 Schematic of an electrolysis cell. A power supply generates an electric current that sustains chemical
reactions at the electrode/electrolyte interfaces. At the anode, oxygen gas is produced which could be used at the
wastewater treatment plant to boost aerobic bioprocesses. At the cathode, hydrogen gas is produced at pressure
that can be introduced into the methanation process. Finally, heat is produced, which can be utilized to heat the
digester or for other applications.
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At the cathode, water reduction occurs, which produces hydrogen. The overall required energy that
drives electrolysis must equal the free energy changes of the chemical reactions plus the over-potential
that sustains the reactions to proceed in a certain rate plus the heating loss of electrical resistance
such as the electromigration of ionic species in the solution. With the depletion of electrolyte, more
and more heat will be generated in the solution. Due to the production of both gases, pressure will
build up during electrolysis.

6.6.3 Bioreactor technology

Methanogenic archaea are present in an aqueous matrix within the ex-situ biomethanation reactor, and
water is being produced as a side product of the biological reaction to methane (Equation (6.2)). The
nomenclature of ex-situ is used here to indicate that the hydrogenotrophic methanogenic reaction for
PtG is taking place outside of the main anaerobic digester. When hydrogen gas is introduced into the
main anaerobic digester to sustain this biological reaction (Equation (6.2)), the nomenclature is in-situ
biomethanation. You can read why in-situ biomethanation is not deemed feasible for a commercial
system in another review of our group (Angenent et al., 2018). Once hydrogen and carbon dioxide
have been introduced into the ex-situ biomethanation reactor, for example, via bubble formation, the
gases first need to dissolve before they can be taken up and converted into methane by the archaea.
Since the solubility of hydrogen is low compared to carbon dioxide, the rate of hydrogen transfer
into the liquid is the rate-limiting step of the biomethanation process (Schill et al., 1996). Increasing
the hydrogen partial pressure can enhance the solubility of hydrogen gas. Therefore, most ex-situ
biomethanation reactors are operated at overpressure.

In addition, the gas-to-liquid transfer rate can be improved by increasing the gas/liquid interfacial
area. Therefore, special reactor types that provide large gas/liquid interfaces are being developed,
resulting in volumetric methane production rates that can be larger than the 50 m3 per m3 volume per
day that was achieved with real biogas in bench-scale bioreactors (Martin ef al., 2013). For example,
the demonstration plant in Denmark (stirred bubble-column bioreactor) is operating at 250 m3 per m3
volume per day (Figure 6.6). That is much higher than for anaerobic digestion for biosolids treatment
at a wastewater treatment plant (0.25 m® per m® volume per day) (Uman et al., 2018), resulting in
about 1000 times smaller volumes for biomethanation reactors compared to these anaerobic digesters.
Stirred bubble-column bioreactors are applied to create very small gas bubbles through bubbling and
mixing, which increases the specific surface area of the gas/liquid interface (Figure 6.6).

Figure 6.6 Picture of a 1-MW power-to-methane system at a wastewater treatment plant. The stirred bioreactor
with bubble formation in a column is on the left. This picture was taken at Electrochaea’s patented BioCat plant in
Avedgre, Denmark, which is a demonstration-scale system to store biogas as renewable natural gas in the Danish
natural gas grid.
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An alternative concept is to create high specific liquid surface areas by creating thin liquid films in
a trickle-bed reactor. Trickle-bed reactors use a solid matrix on which microbes grow as a biofilm. A
liquid solution is then recycled from the bottom to the top of the bioreactor, while it trickles down over
the biofilm without immersing the matrix into standing liquid. Basically, the gas within the anaerobic
bioreactor surrounds the liquid on the biofilm to allow a proper gas/liquid transfer. Currently, the
demonstration- and full-scale plants are built as stirred bubble-column bioreactors or trickle-bed
reactors for ex-situ biomethanation (Bailera ef al., 2017).

6.6.4 Why operate at 65°C rather than 37°C

One very important parameter for ex-situ biomethanation is the temperature at which the bioreactor is
operated. Often it is assumed that a bioreactor has to be heated to maintain a given temperature such
as 37°C. Following this logic, it seems obvious that a process that has to be heated to 65°C consumes
more energy compared to a process that only has to be heated to 35°C. While this is true in many cases
for traditional bioprocesses including anaerobic digestion, in the case of biomethanation we need to
look more closely at the underlying reaction for hydrogenotrophic methanogenesis again (Equation
(6.2)). The energy gain from this reaction is relatively low, given by the overall Gibb’s free energy
change of -131 k] mol~! under biological standard conditions (pH =7; temperature =25°C; pressure
is 100 kPa). Therefore, the cell has to maintain a high rate of methane formation to produce enough
cellular energy in the form of ATP to sustain growth (Schill et al., 1999). The resulting high ratio of
methane (product) to biomass is an advantage of anaerobic bioprocesses.

What we also see from Equation (6.2) is that the methanogens produce one mole of gas and two
moles of water from five moles of gas. This results in a considerable decrease of the system’s entropy
(negative AS), which means, in easy terms, that the system reaches a higher state of order. To maintain
the driving force for energy conservation (negative AG; AG = AH-T AS; and with - - = +for AS), the
reaction must be accompanied with a decrease in the enthalpy (negative AH) by energy dissipation
in the form of heat-exothermic conditions (Schill et al., 1999). Taken together, it follows that due to
the high methane production rate and heat generation during the metabolism, the reactor has to be
cooled rather than heated. Therefore, an operating temperature of 65°C is beneficial compared to an
operating temperature of 37°C. Furthermore, the higher operating temperature results in reduced
chances for contamination and more efficient stripping of product gas (methane).

6.6.5 Thermophilic methanogen - Methanothermobacter thermautotrophicus

For the biomethanation step in PtG systems, Methanothermobacter thermautotrophicus (M.
thermautotrophicus) is being used as the methanogen. It is a rod-shaped microbe with a length of
3-7 um and a diameter around 0.5 ym (Figure 6.7). The optimal growing temperature is 65°C, which
makes it a thermophilic (warm-loving) microbe (Zeikus & Wolfe, 1972). All methanogens belong to
the domain of archaea, which is the third domain of life besides bacteria and eukarya (Pace, 1997).
Typically, methanogens must be kept under strictly anaerobic conditions (oxygen-free) since they lack
mechanisms for oxygen detoxification. M. thermautotrophicus is a hydrogenotrophic methanogen
using anaerobic respiration (Equation (6.2)).

This anaerobic respiration process occurs via the Wolfe cycle, which is a pathway with several
consecutive steps: (1) carbon dioxide is reduced to formate and connected to a one-carbon-carrier
cofactor; (2) the resulting complex molecule is further reduced in several steps to a methyl-group; and
(3) methane is formed. One of the reasons why M. thermautotrophicus is utilized in biomethanation
is the fast growth rate, which is 8-10 times faster compared to most other methanogens. This makes
it easier to maintain a well-grown biocatalyst in the bioreactor. Because the energy gain per molecule
methane produced is relatively low, the methane production rate of M. thermautotrophicus has to be
relatively high, which is beneficial for the biomethanation process (Martin et al., 2013; Schill et al.,
1999). Another reason why this microbe is used for biomethanation is because it is not as sensitive to
oxygen compared to other methanogens, which makes the biomethanation system easier to operate.
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Figure 6.7 Light microscope view of living cells of M. thermautotrophicus in the exponential growth phase.
Magnification 1000x. The reference is 10 um.

6.7 PERSPECTIVES AND FUTURE NEEDS

Decentralized anaerobic digesters have been built all over the world but are mostly seen as a biomass
and wastewater treatment technology, rather than an important energy provider for societies. With
localized subsidies to boost the income from electric power production with combined heat and
power systems, the digesters have become somewhat connected via the electric grid. However, these
subsidies are often temporary. In addition, the conversion efficiency from methane to electric power
is relatively low, resulting in a high heat production compared to heat demand in, for example, rural
areas. By placing abiotic or biological systems close to the anaerobic digester, carbon dioxide can be
removed or converted to produce more biomethane, which can be stored and transported into the
existing natural gas grid. After transportation of the product (biomethane), a centralized chemical
plant can utilize the energy or even the carbon from biomethane at a large scale. Distributing the
methane directly to decentralized users can also promote the use of methane as a low-carbon fuel for
vehicles. Both possibilities would make AD a much more important energy-production partner and
boost AD implementation for carbon recovery.

By almost doubling the methane yield of digester through PtG, methane as a low-carbon fuel
can have a real impact in the future energy economy. An increase in the total volume of anaerobic
digesters is also required to increase this impact. When finally most organic waste will be treated with
anaerobic digesters, this will likely occur through co-digestion of several different wastes together,
such as food waste and animal wastes, possibly in large centralized digesters. However, a massive
increase in digester capacity requires the smart reuse and recovery of nutrients (in addition to the
carbon) from anaerobic digesters because otherwise the resulting biosolids from digesters would leak
these nutrients into the environment after land application, resulting in uncontrolled nutrient runoff
and eutrophication of surface waters (lakes, oceans). Thus, a systems-oriented approach is necessary
that ties agriculture, food-waste management, land management, nutrient recovery, energy production,
and water. This has also been referred to as the food energy water (FEW) nexus. Research is now
necessary on how to combine all these aspects together without causing further environmental harm.
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6.8 CHAPTER SUMMARY

In this chapter, we have introduced and explained several systems to improve the methane yield
in AD, remove carbon dioxide from biogas, and increase the overall biomethane production. In
addition, we have also introduced a possibly compatible thermochemical system to produce bio-oil
and biomethane. Some of the systems are commercially available, while others are being developed as
an operating-unit next to the decentralized anaerobic digester. We cannot predict yet which of these
technologies will actually be used. However, it is clear that for AD to play an important role during the
transition from a fossil fuel-based economy towards a renewable energy-based economy, some of these
technologies will be necessary to connect all digesters with the existing natural gas grid.

6.9 EXERCISES

Exercise 6.1: If you have an anaerobic digester with an infinite volume, resulting in an infinite
residence time for the substrate, would you produce more methane under mesophilic or thermophilic
temperatures? Discuss the reason

Exercise 6.2: Why is there a thermodynamic advantage of anaerobic digestion as compared to other
types of fermentation?

Exercise 6.3: A large dairy farm is using anaerobic digestion to produce biogas from cattle manure
with a capacity of 6 000 000 m3yr-'. The farm is considering adding a PSA system to convert the
biogas into biomethane, which qualifies for renewable energy credits. However, their biogas contains
450 ppm(v) of hydrogen sulphide (H,S), which is detrimental to the adsorption column (e.g. it forms
irreversible bonds with the sorbent), and needs to be removed prior to PSA. A local industry produces
iron-oxide impregnated wood chips, which could be used as an H,S scrubbing material. The absorptive
capacity of the wood chips is related to its iron oxide content, which is 190 kg Fe,O5-m~3. To complete
their economic analysis of the proposed system, they need to calculate the amount of woods chips
required for H,S scrubbing. Calculate the annual consumption of wood chips in cubic meters. Assume
the wood chips have a 90% capacity factor relative to the theoretical maximum absorption. Note: the
molecular weight of Fe,O;=159.687 g mol~}, and H,S=34.1 g mol-'.

Exercise 6.4: A dairy farm with 3000 cows has a manure waste flow of 500 m3/d (10% solids). The
total organic carbon (TOC) concentration in manure is 60 g/L. The hydraulic retention time (HRT) in
AD is 20 days. The TOC removal efficiency in AD is 80% and for each kg of TOC removed, the digester
generates 0.25 m3 of CH, The residual TOC is then subjected to hydrothermal liquefaction (HTL),
which converts 60% of the carbon into bio-crude oil carbon. Assume manure has the density of water.

(@) What should be the size of the AD?

(b) What is the CH, production per unit of digester?

(c) What is the effluent carbon flow from the AD to HTL?

(d) How much carbon (as CH, and bio-crude oil) can be recovered per cow per day.

(e) Describe the advantages and disadvantages for each one of the following integrated process
sequences: (1) TH-AD; and (2) AD-HTL.

Exercise 6.5: Calculate the composition of the product gas leaving the PtG bioreactor if pure carbon
dioxide (no biogas) is introduced with hydrogen at a ratio of 1:4 and assuming that (i) 25%, (ii) 50%,
(iii) 75%, or (iv) 100% of the carbon dioxide are consumed by biomethanation. All the water generated
by methanation can be assumed to remain as liquid.

Exercise 6.6: (A) Compare power-to-methane and power-to-hydrogen and name two advantages of
each technology; and (B) Can you think of reasons, why the hydrogen content in the natural gas grid
is restricted?
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Exercise 6.7: Performing electrolysis in an electrolyte solution (50 mL) that contains 1 M NaOH by
passing 1 mmol e:

(@) Discuss which species will be oxidized at the anode based on the standard reduction potential,
OH- ions or water?

(b) Calculate how much oxygen will be produced at the anode?

(c) Discuss which species will be reduced at the cathode based on the standard reduction potential,
Na* ions or water (assuming H* reduction is negligible)?

(d) Calculate how much hydrogen will be produced at the cathode?

Exercise 6.8: Considering the information you have from this chapter and given that AG=AH-T
AS, conclude whether the change in Gibb’s free energy is more negative at 37°C or at 65°C for
hydrogenotrophic methanogenesis? Evaluate what this implies for the maximum biomass yield per
methane of thermophilic hydrogenotrophic methanogens compared to mesophilic species?

6.10 DISCUSSION QUESTIONS

Question 6.1: Is it possible to avoid the formation of carbon dioxide by biological means? How would
you do it?

Question 6.2: In each of the technologies described in this chapter, carbon dioxide was considered a
valueless by-product. However, given that many of the off-streams have been enriched in CO,, should
these off-streams really be considered valueless? Can you think of a particular application where this
CO, maybe be useful? If so, which biogas upgrading technology would be the most advantageous for
the proposed application?

Question 6.3: As the lead engineer of a WWTP, you are in charge to integrate a PtG system to treat
the biogas stream (50% carbon dioxide, 50% methane) of the WWTP’s anaerobic digester. You are
asked to give a presentation to the board of directors in which you provide a concept on how the
process will be integrated with all its mass and energy streams into the WWTP’s infrastructure. Can
you identify synergistic effects?

Question 6.4: After reading about the thermophilic methanogens,

(@) Do you think the thermophilic character of M. thermautotrophicus is an advantage or
disadvantage for biomethanation applications?

(b) Which are the only substrates that M. thermautotrophicus can metabolize?

(c) Do you need to add a carbon source to the growth medium of M. thermautotrophicus? If yes,
which one. If no, why not?

Question 6.5: With the biochemical reaction of carbon dioxide and hydrogen gas into methane and
water at a high production rate, would you need to heat or cool the reactor if you want to operate at
a temperature of 65°C, and why?

Question 6.6: Can you think of another way to convert a liquid into a gas besides vaporization?
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7.1 INTRODUCTION

Anaerobic digestion (AD) is currently one of the most widely applied technologies for the treatment
and valorization of organic waste streams as electrical and/or thermal energy (as illustrated in
Chapter 5). Yet, the economic value of the produced biogas is rather low (Table 7.1), which has led
to an increasing interest in developing anaerobic based technologies that can produce high(er)-value
products — beyond biogas - to increase the economic profits from organic waste streams. Within this
context, the production of short-chain carboxylic acids (SCCA) and their derivative products have
gained significant interest in recent years.

As discussed in detail in Chapter 5, AD is a multi-step biochemical process, breaking down the
complex organic matter into, ultimately, CH, and CO,. In the acidogenic step, organic monomers
are fermented to SCCA, organic acids with one carboxyl group and a saturated chain of 2-5 carbon
atoms. SCCA hold a higher economic value than CH, (Table 7.1) and can be further upgraded to
a wide variety of consumer products through chemical and/or biological processes. Some of these
applications include, but are not limited to, the production of polyhydroxyalkanoates (PHAs, a type of
bioplastics), esters (fragrances and flavours), and solvents (Albuquerque et al., 2011; Zacharof & Lovitt,
2013). SCCA can also be converted to medium chain carboxylic acids (MCCA) microbially. These can
be used as such as anticorrosion agent or antimicrobial agent in, for example, animal rearing, but can
also be processed into biofuels, bioplastics and other consumer goods (Angenent et al., 2016). Halting
anaerobic digestion at the level of SCCA formation would allow for the redirection of the AD process
from a low-value energy recovery to a higher-value chemical production platform. In this way, the
economics of the process could be substantially improved.

© 2022 The Editors. This is an Open Access book chapter distributed under the terms of the Creative Commons Attribution Licence
(CC BY-NC-ND 4.0), which permits copying and redistribution for noncommercial purposes with no derivatives, provided the original
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from any third party in this book. The chapter is from the book Resource Recovery from Water: Principles and Application, |lje Pikaar,
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Table 7.1 Economic values for various products that can be obtained through anaerobic treatment of waste
streams with mixed cultures.

Product Market Price (€-tonne-") Market Price (€-tonne C-')  Market Price (€-tonne COD-")
CH, 90-200 120-267 20-50

Acetic acid 330-670 825-1675 310-630

Propionic acid 1250-1380 2570-2840 830-910

Butyric acid 1670-2090 3060-3830 920-1150

Lactic acid 840-1510 2100-3775 790-1410

Caproic acid 1880-2090 3030-3370 850-950

Prices were obtained from Moscoviz et al. (2018).

This chapter will first introduce the microbiology and biochemistry of carboxylic acid production
(both SCCA and MCCA), knowledge not only relevant to the chapter at hand, but also to preceding
chapters that discuss anaerobic digestion (Chapters 5 and 6). Gaining a fundamental understanding
of the microbiology and biochemistry is essential prior to describing the more engineering orientated
design considerations and applications of this platform. A product is only valuable if it can be
recovered and separated. As such, the general principles of the main downstream approaches to
recover carboxylates from fermentation broths and/or upgrade them to value-added products are
subsequently discussed. Last, the chapter will touch upon some of the research needs as well as the
key challenges and opportunities for SCCA and MCCA production to become viable technologies that
can be implemented by the water industry at full-scale.

7.2 LEARNING OBJECTIVES
At the completion of this chapter you should be able to:

+ Understand what the carboxylate platform is and why it is an interesting emerging approach to
produce chemical building blocks from wastewater (and other waste streams).

« Gainafundamental understanding of the different metabolic steps in the production of carboxylic
acids, their microbiology and biochemistry and understand the implications for practice.

« Outline the main physico-chemical routes to recover carboxylates/carboxylic acids from
fermentation broths and understand their basic engineering principles.

« Explain how the intermediates of the acidogenic fermentation can be biologically converted to
alternative higher-value end-products.

« Describe the current status of SCCA and MCCA production from wastewater (and derivatives)
and outline the key challenges and opportunities.

- Discuss the economic rationale driving the development of carboxylic acid-producing
technologies, their inherent advantages - and disadvantages - compared to AD, and how are
these connected to the technical challenges ahead of it.

- Synthesize all the knowledge in this chapter and describe how you would turn anaerobic
digesters into reactors for the production of carboxylic acids.

7.3 MICROBIOLOGY AND BIOCHEMISTRY OF CARBOXYLIC ACID PRODUCTION

Organic waste streams — such as waste activated sludge - are a complex mixture of carbohydrates,
proteins and fats. As explained in Chapter 5, AD can break down this complex organic matter in a
four-step microbial process: (i) hydrolysis of the complex organic matter to release the biochemical
building blocks, that is monosaccharides, amino acids and fatty acids; (ii) acidogenesis, in which these
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building blocks are fermented to a mixture of SCCA; (iii) acetogenesis, that is a secondary fermentation
converting the mixture of SCCA to acetic acid, H, and CO,; and lastly, (iv) methanogenesis, converting
the acetic acid, H, and CO, to CH,. This metabolic network changes when the target is shifted from
CH, to carboxylic acids; complex organic matter is still hydrolyzed and fermented to a mixture of
SCCA, but acetogenesis and methanogenesis are suppressed. Potentially, under certain conditions
the end-products of acidogenesis can be further converted to, for example, other SCCA or MCCA in
secondary microbial processes. The following sections will introduce the main processes involved
in the transformation of complex organic material (e.g., sludge) into mixtures of SCCA, lactic acid
and ethanol (i.e., hydrolysis and acidogenic fermentation), and their potential further conversion to
MCCA.

7.3.1 Hydrolysis

Hydrolysis is the process of breaking up polymers, for example polysaccharides, proteins and lipids,
into their monomeric building blocks - respectively monosaccharides, amino acids and fatty acids.
During this process, a molecule of water is used to break the bonds between the monomer units
(Figure 7.1).

Although these reactions are catalyzed enzymatically, organisms do not receive energy from this
process. It is, however, necessary to gain access to the monomer units, which can be then used for
energy generation. With most substrates — also waste activated sludge - hydrolysis is the rate limiting
step in AD. It is usually modelled by a first order degradation kinetic, that is the hydrolysis rate
depends on the concentration of degradable particulate organic matter (Equation (7.1)) (Batstone
et al., 2002; Pavlostathis & Giraldo-Gomez, 2009):

dF
&~ ky,-F
dt g (7.1)

where F is the concentration of degradable particulate organic matter (g-L.~!) and k,,, is the hydrolysis
constant (d).
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Figure 7.1 Schematic representation of hydrolysis for polysaccharides, amino acids and lipids.
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Hydrolysis constants are mostly dependent on: (i) the nature of the material to be degraded (i.e.,
carbohydrate, protein, lipid); (ii) the temperature; (iii) pH; and (iv) the particle size and its surface
area (Vavilin et al., 2008). As such a broad range of constants can be found in literature. For instance,
Ryyqin the order of 0.005-0.01, 0.015-0.075 and 0.025-0.2 d! have been reported for the hydrolysis of
lipids, proteins and carbohydrates in solid organic waste at 55°C. The anaerobic mesophilic hydrolysis
constants of protein-rich waste activated sludge from municipal WWTPs are usually in the order
of 0.1-1 d-! (Christ et al., 2000; Sanders, 2001; Tomei et al., 2009; Vavilin et al., 2008). It should be
mentioned that feedstocks can be highly varied in their composition (i.e., proportions of carbohydrates,
protein, lipids), and by extension also in the rate of hydrolysis and the rate of the process.

7.3.1.1 Hydrolysis of polysaccharides

Carbohydrates may be an important constituent in industrial wastewater but are usually not present
at high concentrations in waste activated sludge, due to the aeration steps removing most of these
compounds. However, co-digestion of waste activated sludge with more degradable carbohydrate-
rich feedstocks has been suggested as a means to improve digestibility (Sosnowski et al., 2003).
Carbohydrates in such organic waste streams are often present in the form of polysaccharides such
as starches and (hemi)-celluloses. These compounds are essentially chains of saccharides, often high
in D-glucose, but other saccharides can be present as well. As a first step, these chains need to be
broken up into mono- or oligosaccharides before they can be fermented. In the case of starches, this
can be done by a group of enzymes called amylases, ubiquitous throughout all domains of nature
(Tester et al., 2006). Even though cellulose chains are also predominantly made up of D-glucose
molecules, like starches, the cellulase enzymes necessary to break up these chains are less widespread
throughout nature. Fungi are well-known cellulose degraders, and cellulolytic activity is widespread
throughout the family. However, only few genera in Bacteria contain cellulolytic organisms, and
generally only a few species within one genus are active cellulose degraders (Lynd et al., 2002). This
is partly due to the different configuration of the cellulose chain - glucose units are linked with
3(1-4)-bond unlike the «(1-4) bond in starches - as well as the insoluble nature of celluloses, which
require cellulolytic enzymes to be functional outside the cell. Some examples of anaerobic cellulose
degraders are Clostridium thermocellum, Clostridium cellulolyticum and Butyrivibrio fibrosolvens
(Koeck et al., 2014). Despite the apparent phylogenetic sparseness of cellulose-hydrolyzing organisms,
there is usually no need to add hydrolyzing organisms or enzymes to waste activated sludge: the native
community always contains some hydrolytic organism that can take up this role to liberate the solid
organic matter for further conversion.

7.3.1.2 Hydrolysis of proteins

Proteins are essentially a chain of different amino acids, which then assemble into a 3D structure.
During the hydrolysis, protease enzymes break the peptide bonds in the protein, releasing the
individual amino acids, or short chains of amino acids, called peptides. Commercial production of
proteases has been demonstrated with Bacillus and Clostridium genera (Rao et al., 1998; Siebert &
Toerien, 1969), yet, again, there is usually no need to add specific hydrolytic organisms or enzymes
to waste feedstocks, as protease-producing organism can be readily found in nearly all environments.

7.3.1.3 Hydrolysis of fats

Wastewater and microbial biomass contain fats, which are made up of triglycerides, composed of
a glycerol backbone linked to three fatty acid molecules via ester bonds. Fats can be hydrolyzed
by lipases, which cut the ester bonds, resulting in the production of one molecule of glycerol and
three of fatty acid, the length of which is dependent on the type of fat (Madigan et al., 2012). These
lipase enzymes are ubiquitous throughout all domains of life, and a wide range of bacteria have been
employed to produce these enzymes on an industrial scale for enzymatically catalyzed processes
(Javed et al., 2018), but for (anaerobic) degradation of waste sludge, lipase producing organisms are
commonly present in mixed communities.
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7.3.2 Primary fermentations

Monomers generated during the hydrolysis step can subsequently be utilized by microbes. Under
anaerobic conditions the lack of external electron acceptors forces microorganisms to metabolize
these monomers via fermentation. Fermentation is an anaerobic redox process, in which the oxidation
of the substrate is coupled to the reduction of another substrate or an intermediate derived from the
oxidation, with the difference in redox potential of the substrate and the end product providing energy
for ATP synthesis (Miiller, 2008). Some special cases exist where the oxidation of one substrate is
linked to the reduction of another (organic) substrate, for instance Stickland reactions involved in
protein degradation.

7.3.2.1 Primary fermentation pathways for saccharides

Monosaccharides can be utilized in a wide range of anaerobic fermentative metabolisms.
Monosaccharides contain either five carbon atoms (C5 monosaccharides, e.g., xylose, arabinose, etc.)
or six carbon atoms (C6 monosaccharides, e.g., glucose, fructose, etc.). Different metabolisms are
involved in the fermentation of C5 and C6 monosaccharides, affecting product and energy yields for
fermentative bacteria. During fermentation of C6 monosaccharides, glycolysis first converts glucose
through glyceraldehyde-3-phosphate to pyruvic acid, as depicted in Figure 7.2. This can in turn be:
(i) reduced to succinic acid and/or propionic acid; (ii) reduced to lactic acid; or (iii) decarboxylated
to acetyl-CoA resulting in the release of either a formic acid molecule or CO, and H,_ molecules,
depending on the pH. The formed acetyl-CoA can subsequently be converted to various products such
as ethanol, acetic acid, or reduced to butyryl-CoA, followed by conversion to butyric acid (Temudo
et al., 2007). Which of these reactions will occur depends on the fermentative pathway(s) present in
the organism in the system.

0.5 Glucose

ATP A—l

Glyceraldehyde-3-P
2ATP +—
NADH

NADH +—
—l—> Lactic acid ——;— Propionic acid

Propionic acid «<—— Succinic acid <T—Ti Pyruvate T

2NADH CO, NADH NADH

Formic acid l » CO,+H,

NADH Acetyl-CoA
/ Acetoacetyl-CoA ATP
Ethanol NADH —’l T Acetate

!

NADH —|
Butyryl-CoA

ATP <*i‘—> Acetyl-CoA

0.5 Butyrate

Figure 7.2 Overview of potential fermentation pathways during mixed culture fermentation of Cé saccharides,
using glucose as a model compound. Adapted from Temudo et al. (2007).
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Figure 7.3 Initial conversion steps of C5 saccharides to pyruvate, with xylose as a model compound. After pyruvate,
the same pathways as for C6 saccharides are possible. Figure adapted from Temudo et al. (2009).

Fermentation of C5 monosaccharides differs from that of C6 mostly in the initial steps of the
fermentation process. While they are also converted to glyceraldehyde-3-P and subsequently pyruvate,
this conversion goes through specific pathways for C5 monosaccharides, as depicted in Figure 7.3
for xylose. In short, the pentose phosphate pathway (PPP) converts part of the xylose to ribose-
5-P and part to xylulose-5-P. These are then used to form fructose-1,6-BP, followed by conversion
into glyceraldehyde-3-P. Ultimately, for every three molecules of xylose converted, five molecules of
pyruvate are produced, with production of five ATP and five NADH. An alternative pathway, the
phosphoketolase pathway (PKP), also goes through xylulose-5-P. However, conversion of xylulose-5-P
to glyceraldehyde-3-P in the PKP also generates acetyl-P, which will in turn be used to produce acetic
acid and ATP. This means that every molecule of C5 monosaccharides converted through the PKP
will always yield one molecule of acetic acid on top of the product obtained from pyruvate. Since both
the PPP and PKP yield pyruvate, the same products can be obtained as from C6 monosaccharides
(Temudo et al., 2009).

An intermediate version of these two metabolisms is heterolactic fermentation, as performed by
Leuconostoc bacteria. In this fermentation process, glucose is converted to xylulose-5-P by liberating
one molecule of CO,. The xylulose-5-P is then further converted over the phosphoketolase-pathway
as mentioned above. The pyruvate obtained is converted to lactate, while the acetyl-CoA can be
converted to ethanol. This yields equimolar amounts of lactic acid and ethanol from glucose (Demoss
et al., 1951; Dols et al., 1997).

Ultimately, the metabolic potential of an open, undefined microbial community will enable
conversion of the saccharide building blocks to a mixture of the products mentioned above. The
product profile will be determined by: (i) the microbial community present; (ii) operational parameters,
for example pH, temperature, substrate concentration; and (iii) type of saccharides present after
hydrolysis.

7.3.2.2 Primary fermentation pathways for amino acids
The amino acids released during hydrolysis of proteins can be further fermented towards a range
of products, yielding one molecule of carboxylic acid, NH; and CO, per amino acid fermented.
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The carboxylic acid produced is amino acid-specific, although it is in most cases acetic acid. The
most common mechanism for amino acid fermentation is through Stickland reactions (coupled
fermentations). In this pathway, two amino acids are concomitantly degraded, where one of the acids
is oxidized and acts as electron donor and the other is reduced by accepting these electrons. The
electron-donating amino acid is deaminated (i.e., release of NH;) and decarboxylated (i.e., release
of CO,), and subsequently oxidized to an SCCA with a carbon chain shortened by one carbon atom.
During this process, electrons are released, which are used to reduce the deaminated electron accepting
amino acid to a SCCA with a carbon chain of the same length as the original amino acid. Besides
SCCA, also branched carboxylic acids (e.g., iso-valeric acid or iso-caproic acid), alcohols and aromatic
compounds (e.g., phenol, cresol) can be released during fermentation of amino acids, depending
on the initial structure of the amino acid (Madigan et al., 2012). Alternatively, amino acids can be
fermented individually, although not all amino acids can be converted this way. Again, the products
obtained depend on the amino acid substrate (Elsden & Hilton, 1978). In a wastewater context, the
range of amino acids present in waste sludge is usually very broad, and steering protein fermentations
is highly challenging. A last pathway for conversion of amino acids is the Ehrlich pathway, found
in yeasts (e.g., Saccharomyces cerevisiae). Here, proteins are first converted to an aldehyde, which
is then used to produce an acid or ester, and an (amyl) alcohol (Hazelwood et al., 2008). It needs to
be noted that these yeasts are usually not present in wastewater settings, and the contribution of the
Ehrlich pathway to protein degradation from waste sludge will be negligible.

In general, amino acid fermentations are mostly carried out by gram-positive bacteria, principally
from the genus Clostridia. These organisms are key members of nearly all anaerobic, fermenting
communities, so amino acids in waste streams can be readily degraded in most applications.
The fermentation stoichiometry of each specific amino acid and the microbiology of amino acid
fermentation are extensively reviewed elsewhere and will not be further discussed in this chapter
(Mead, 1971; Ramsay & Pullammanappallil, 2001).

7.3.2.3 Primary fermentation pathways for long-chain fatty acids (LCFA)

Breakdown of LCFA happens through a cyclical pathway called beta-oxidation. In this pathway, a
coenzyme A-group is attached to the carboxylic group, forming an acyl-CoA. This acyl-CoA is then
degraded in a cyclical process, releasing one molecule of acetyl-CoA and one NADH molecule per
turn of the cycle, resulting in an acyl-chain shortened by two carbon units (Madigan et al., 2012).
The intracellular pool of NADH/NAD* is limited, which means the generated NADH needs to be
quickly re-oxidized back to NAD* to balance the NADH/NAD+*-pool. Under aerobic conditions,
NADH oxidation can be combined with the reduction of O, to H,O. Due to the lack of oxygen under
anaerobic conditions, this can only be achieved through reduction of H* to H,. This process becomes
thermodynamically unfeasible at H, partial pressures over approximately 100 Pa (equal to 0.01% H, in
the headspace of the system), implying H, has to be removed immediately for this reaction to continue.
In anaerobic digestion, it has been shown that a syntrophy between an anaerobic fatty acid oxidizer
and hydrogenotrophic methanogens provides the low H, partial pressures required for this process
(Conrad et al., 1986). However, in fermentations aimed at carboxylic acid production no H,-scavenger
can sufficiently lower H, partial pressures to enable continued LCFA-degradation. This means lipids-
rich wastes are challenging feedstocks for the production of high-value products. So far, no reports
have targeted such wastes for bioproduction processes beyond lower-value applications such as biogas
production through anaerobic digestion.

7.3.2.4 Practical implications

In the previous sections, we offered an overview of the metabolic pathways involved in the primary
fermentations from different substrates commonly found in organic waste feedstocks such as waste
sludge. While many products can be formed, the heterogeneity and complexity of the feedstocks
relevant in wastewater settings means that steering these processes is highly challenging. The large
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volumes and complexity of the substrate excludes the application of pure cultures for bioproduction,
and technologies rely on mixed consortia to provide us with high-value products. Yet, obtaining a
pure product profile made up of only one product from real wastes has not yet been demonstrated.
Even finding general trends in operational parameters (e.g., pH, organic loading rate, organics
concentration, etc.) to steer the fermentation process has proven highly challenging (Arslan et al.,
2016). Consequently, most applications developed so far address this by upgrading the mixed product
profile, an approach that will be discussed in section 7.4.

7.3.3 Secondary anaerobic conversions

The products of a primary fermentation can be further transformed anaerobically into other
compounds. An example found in AD is acetogenesis, where the mixture of products (e.g., SCCA,
lactic acid, ethanol) from acidogenesis are converted to acetic acid through anaerobic oxidation. On
the other hand, in the context of resource recovery and bioproduction from waste streams, other
anaerobic biotransformations aim to increase the value of the primary fermentation products.
Depending on the target product, it can be necessary to add carbon or electron sources, such as
ethanol or lactic acid, to stimulate these secondary processes and/or physically separate primary and
secondary biotransformations.

7.3.3.1 Secondary fermentations to SCCA from lactic acid

Lactic acid is a common product formed in fermentations of carbohydrates, as discussed in section
7.3.2.1. Lactic acid bacteria are renowned for their relatively high growth rates and tolerance to low
pH values, giving them a competitive advantage over other fermentative bacteria (Castillo Martinez
et al., 2013). Lactic acid can in turn be further fermented to other SCCA. Lactic acid can either be:
(i) converted to acetyl-CoA, after which it used to produce acetic acid, or butyric acid (cf. Figure 7.2);
or (ii) converted to propionic acid with either acrylyl-CoA - via the acrylate pathway - or succinate -
Wood-Werkman cycle - as key intermediates (Parizzi ef al., 2012; Prabhu ef al., 2012).

7.3.3.2 Reverse beta-oxidation with ethanol as electron donor
As mentioned earlier in this chapter, the production of MCCA has gained interest as a way to recover
high-value chemicals from waste streams. The microbial production of MCCA in itself is not new and
has been known since the early 1940s (Barker, 1941), when a mesophilic anaerobic bacterium capable
of using ethanol and acetic acid to produce caproic acid (C6) (Clostridium kluyveri) was isolated from
canal mud. For a long time, C. kluyveri was of special interest to microbiologists due to its unique
metabolism, named reverse beta-oxidation, by which it adds two carbon units to the acyl chain of
a monocarboxylic acid per turn of the cycle. This metabolism has been elucidated over the years,
its reaction stoichiometry is shown in Table 7.2, and is schematically represented in Figure 7.4. The
process starts by the oxidation of six molecules of ethanol to acetyl-CoA, generating 12 molecules of
NADH. One of the six molecules of acetyl-CoA is further converted into acetic acid, generating one
ATP from substrate-level phosphorylation. The other five molecules of acetyl-CoA go into the reverse
beta-oxidation cycle, combining with five molecules of acetyl-CoA to form acetoacetyl-CoA, which
are further transformed into butyryl-CoA with the consumption of 15 NADH molecules. In a final
step, these five molecules of butyryl-CoA then combine with five molecules of acetic acid, releasing
five molecules of butyric acid, and five molecules of acetyl-CoA that then go back to the start of
the cycle. This process can also be repeated by combining acetyl-CoA from ethanol oxidation with
butyryl-CoA from the first cycle, which will ultimately yield hexanoyl-CoA and subsequently caproic
acid (Angenent et al., 2016).

During this process, an imbalance is created in the NADH/NAD+* pool, because 15 NADH
molecules are consumed while only 12 are produced. Because of the limited size of the NADH/NAD+
pool, the process needs to be balanced. This is achieved by reducing three NAD+ to NADH with
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Table 7.2 Overview of common metabolic reactions in fermentation from mixed organic feedstocks, for example
industrial wastewater, waste sludge or co-digestion feedstocks, and examples of organisms responsible for these

pathways.

Substrate Product Stoichiometry Example Organisms
Glucose Ethanol C¢H,,0, -2 C,H;OH +2 CO, +2 H, Sacharromyces cerevisiae,
Zymomonas mobilis
Lactic acid C¢H,,0, — 2 C;H,O; Lactobacillus
C¢H,,04 — C;H,O + C,H;OH + CO, + H, Leuconostoc
Acetic acid C¢H,,0, — 2 CH;COOH + 2 CO, +2 H, Clostridium,
Acetobacterium
Butyric acid C¢H,,0, — C;H,COOH + 2 CO, + H, Clostridium,
Faecalibacterium
Succinic acid C¢H,,0, + CO, — 2 C,H,O, Actinobacillus
succinogenes
Ethanol Acetic acid C,H,OH + H,0 — CH;COOH + 2 H, Acetobacter
Ethanol, acetic ~ Butyric acid 6 C,H,OH + 4 CH,COOH — 5 C;H,COOH + Clostridium kluyveri
acid

Ethanol, butyric
acid

Caproic acid

Ethanol, acetic
acid
Lactic acid Propionic acid

Acetic acid

2H,+5H,0

6 C,H,OH + 5 C;H,COOH — 5 CsH,,COOH +
2 H,+5H,0

12 C,H,0H + 3 CH,COOH — 5 C;H,,COOH +
4 H,+ 10 H,0

C,H,0; — C,H,COOH
C;H,0; + H,0 — CH;COOH + CO, + 2 H,

Clostridium kluyveri
Clostridium kluyveri

Propionibacterium

Acetobacter

Butyric acid 2 C;H,0; — C;H,COOH + 2 CO, + 2 H, Megasphaera elsdenii

Caproic acid 3 C;H,0; — C;H,;;COOH + 3 CO, + 2 H, Ruminococcaceae CPB6

ferredoxin - originating from the penultimate step of the reverse beta-oxidation cycle. This is done
at the membrane-bound RnF-enzyme complex. During this process, six protons or Na+ molecules
are pumped outside the cell. This creates a proton, or sodium, motive force over the membrane that
can be used to generate an additional 1.5 ATP by a membrane-bound ATPase complex. In this way,
balancing the NADH/NAD" pool is a crucial part of the energy generation in the metabolism of C.
kluyveri (Angenent et al., 2016).

7.3.3.3 Chain elongation using alternative electron donors

Due to the diverse nature of wastewater and organic waste streams, converting them into a mixture
of ethanol and acetic acid suitable for subsequent chain elongation can be challenging. Alternatively,
ethanol could be supplemented after primary fermentation to convert the short-chain products to
MCCA, however, this supplementation reduces the potential profits, and increases the environmental
impacts of the process (Chen et al., 2017). Other substrates have been shown to allow production of
MCCA as well, often through metabolisms similar to the reverse beta-oxidation described earlier, such
as saccharides, lactic acid, proteins, and pyruvate (Angenent et al., 2016).

Saccharides in waste streams can originate from the hydrolysis of starches and celluloses and
are often present in a mix of mono- and oligosaccharides. Several chain elongating bacteria have
been isolated capable of using saccharides, for example Megasphaera hexanoica using fructose, and
Caproiciproducens galactitolivorans using D-galactitol, a sugar alcohol. Both isolates were capable of
producing over 7 g caproic acid-L! (Jeon ef al., 2017; Kim et al., 2015).
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Figure 7.4 Simplified representation of the reverse beta-oxidation metabolism (adapted from Angenent et al., 2016).

Lactic acid, which can easily be obtained from saccharides by lactic acid bacteria such as
Lactobacillus, can also be used as electron donor for MCCA production. This metabolism was first
reported in Megasphaera elsdenii, although MCCA production from lactic acid is negligible (Elsden
et al., 1956; Weimer & Moen, 2013). In a series of studies carried out with mixed cultures fed with thin
stillage - a side-stream from the bio-EtOH production process - it was hypothesized that saccharides
in the stillage could first be converted to lactic acid, which was then used for MCCA production
(Andersen et al., 2015, 2017). The first conclusive observation of lactic acid-based chain elongation
came from a study investigating caproic acid production in Chinese liquor pit fermentations. Of the
potential electron donors present in these fermentations — ethanol, lactic acid and glucose - lactic
acid was the only substrate that enabled production of caproic acid (Zhu ef al., 2015). In a follow-up
study, the responsible bacterium (Ruminococcaceae sp. CPB6) was isolated and characterized (Zhu
et al., 2017).

Peptides are the product of protein hydrolysis and can in turn be further fermented. While
fermentations to SCCA from peptides were described in section 7.3.2.2, other metabolisms are also
possible. For instance, one isolate (Eubacterium pyruvativorans) has been shown to convert peptides
into caproic acid, likely through a pathway similar to reverse beta-oxidation, while using the nitrogen
to produce ammonia (Wallace et al., 2003).

Towards practice, the above substrates are rarely found at sufficiently high concentrations in waste
activated sludge - or other wastewater-derived feedstocks — to enable direct MCCA-production. To
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achieve this, co-digestion of waste with sugar- or lactic acid-rich feedstocks could be a potential
approach for the valorization of waste activated sludge. Industrial wastewater from the dairy, food
and beverage industry may allow for MCCA production via lactic acid or saccharides.

7.3.4 The reason behind it all: energy maximization and redox balancing

Over the last section, a range of anaerobic metabolic pathways have been discussed, some of which
can be performed by a large group of bacteria, such as carbohydrate fermentation, while other
metabolisms belong to a phylogenetically narrow group, or even to unique species (e.g., ethanol chain
elongation by Clostridium kluyveri). Some metabolisms are enzymatically very simple (for instance,
lactic acid fermentation), while others require many enzymes (for instance, reverse beta-oxidation).
In any system, organisms will aim to maximize the net energy generation rate (Gro8kopf & Soyer,
2016). This net energy includes both energy yield, that is ATP, but also energy consumption, for
example enzyme synthesis and cell maintenance (Kleerebezem & Van Loosdrecht, 2010). Considering
the energy yield of glucose as substrate, Table 7.3 shows the ATP yields for different metabolic end
products. When producing lactic acid, ethanol, or a mixture of the two (i.e., heterolactic fermentation),
this will yield two ATP per molecule of glucose, originating from substrate-level phosphorylation
(SLP) during the conversion of glucose to pyruvate over glyceraldehyde 3-phosphate. Fermentation
to acetic acid yields an additional two ATP per molecule of glucose, by SLP when acetyl-CoA is
converted to acetate over acetyl-phosphate. However, fermentation to lactic acid is a shorter pathway
than acetic acid fermentation, requiring lower energy investment in enzymes, and enabling higher
rates (Kreft et al., 2020).

In parallel, every metabolic pathway needs to achieve a redox balance. This means that every
electron going into the system must go out, for instance glucose as electron donor coming into the
cell and being excreted as an extracellular carboxylic acid. The first step in glucose fermentation is
the oxidation to pyruvate. Any oxidation reaction needs a reduction to balance the electrons in the
system, which is why cells use intracellular electron carriers to store these electrons. Examples of such
carriers are NADH, NADPH or ferredoxin. For instance, in the oxidation of glucose to pyruvate, two
molecules of NAD+ are reduced to NADH (Temudo et al., 2007). However, a cell cannot accumulate
electrons infinitely, due to the limited NAD(P)H/NAD(P)* pool, and the NAD(P)H generated must
be converted back to NAD(P)+. In fermentations, lacking any other electron acceptors, two options
exist for this regeneration. A first option is the use of NADH to reduce an organic electron acceptor
(Miiller, 2008). This is what happens during lactic acid fermentation, reducing pyruvate to lactic acid.
Lacking this, NADH can also transfer its electrons to H* as an electron acceptor, producing H,.
The latter happens during fermentation of glucose to acetic acid, or for instance, during anaerobic

Table 7.3 Overview of product, ATP and NADH yields for fermentation of glucose and xylose as model compounds
for Cé and C5 saccharides.

Product Glucose Xylose (PPP) Xylose (PKP)
YprOd YATP YNADH Yprod YATP YNADH Yprod YATP YNADH

Succinic acid 2 2 _2 1.67 1.67 ~1.67 1+1Ac 2 -1
Lactic acid 2 2 0 1.67 1.67 0.00 1+1Ac 2 0
Ethanol 2 2 -2 1.67 1.67 ~1.67 1+1Ac 2 -1
Acetic acid 2 4 2 1.67 3.33 1.67 2 3 1
Propionic acid 2 2 -2 1.67 1.67 ~1.67 1+1Ac 2 -1
Butyric acid 1 3 0 0.83 3.33 0.00 0.5+ 1Ac 3 0

Xylose can be fermented through the pentose phosphate pathway (PPP) and phosphoketolase pathway (PKP). The latter yields
one acetic acid (Ac) and one ATP during conversion of xylose to pyruvate (see Figure 7.3).
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oxidation of carboxylic acids. In processes were NAD* is in excess, for example reverse beta-oxidation
or ethanol fermentation, ferredoxin is used as a high energy electron carrier. At the membrane bound
Rnf complex, this ferredoxin is oxidized, reducing NADH to NAD+, as well as pumping protons or
sodium ions out of the cell to generate a chemical energy gradient. This energy gradient can in turn be
used to generate additional ATP through an ATPase complex (Biegel et al., 2011).

There is, however, a last consideration to be made: the thermodynamics of the chemical reactions.
Ethanol can be converted by two pathways in the absence of electron acceptors: (i) anaerobic ethanol
oxidation; or (ii) reverse beta-oxidation. The former yields 1 mol ATP per mol ethanol (cf. Figure 7.2;
ethanol to acetyl-CoA to acetate), while the latter yields only 0.42 mol ATP per mol ethanol (Seedorf
et al., 2008). On top of that, the reverse beta-oxidation is a complex pathway, requiring synthesis of
a large number of enzymes. Why then, would any organism go through the effort of setting up such
a complex pathway? The answer to this can be found in thermodynamics and energy generation.
Converting ethanol to acetate under anaerobic conditions yields H,. When the partial pressure of H,
increases, the amount of energy generated per molecule of ethanol decreases. Eventually, the reaction
becomes thermodynamically infeasible at partial pressures of approx. 0.1 bar (Cavalcante et al., 2017).
However, this does not mean that all available substrate has been depleted. Under these specific
conditions (high organic load, high H, partial pressures) reverse beta-oxidation provides a way to
generate more energy from the available substrates, even if it requires a larger number of enzymes.
This knowledge can help in the design of systems targeting specific product profiles, by engineering
operational conditions to stimulate the targeted metabolisms. In the case of chain elongation, this
means it is crucial to maintain sufficiently high partial pressures of H, to prevent anaerobic oxidation
of ethanol (Steinbusch et al., 2011). In the end, it becomes clear that organisms have developed an
array of ways to maintain the redox balance under the niche conditions they thrive in in nature.
Understanding these conditions is crucial to harness the metabolic potential of these organisms and
stimulate these metabolic pathways in any bioproduction system.

7.4 CHEMICAL AND BIOLOGICAL DOWNSTREAM/UPGRADING ROUTES FOR THE
RECOVERY OF CARBOXYLIC ACIDS

7.41 Solid-liquid separation before product recovery

The organic acids generated through fermentation can be further upgraded via additional bioprocessing,
referred to as biological upgrading, or via physicochemical processes, as schematized in Figure 7.5.
For both of these trajectories, cell separation is the first step after fermentation. Cell separation is
needed to protect downstream processes, for example preventing fouling, clogging in physicochemical
unit operations, or microbial contamination of bioprocesses. Different methods, based on different
principles, can be applied for separation of cell biomass with different effluent qualities. Additionally,
the separation technique used will depend on the objective, generating a clear effluent, or dehydrating
the solid biomass fraction. Here we will shortly discuss two of the most commonly used technologies
that aim at generating clear streams for further downstream processing, namely centrifugation and
filtration.

Centrifugation is widely applied in food processing, bioprocessing and wastewater treatment and
is based on the differential density between solid particles and liquids (Svarovsky, 2001a, 2001b).
Depending on scale and application, centrifugation can be done in batch or continuous mode. On the
other hand, centrifugation often leads to only partial solid separation producing a liquid fraction that
still contains suspended solids.

Filtration can be applied to retain biomass in the fermenter, or to clarify a fermentation effluent, as
a stand-alone unit, or downstream of a centrifugation step. Given the size of bacterial cells, pore sizes
between 0.1 and 0.5 pm are often enough to ensure complete biomass retention. Microfiltration (0.1-
10 um) and ultrafiltration (0.001-0.1 pm) are applied in processes that require a clear stream devoid of
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Figure 7.5 Combination of fermentation with downstream processing options.

suspended solids. The filtration can be carried in different configurations, that is internally, by using
membranes submerged in the reactor broth, or externally, by recirculating the broth tangentially to
the membrane, also known as cross flow filtration or tangential flow filtration. Membranes are built in
different shapes and materials. Polymeric membranes (PVDF, PP, PE, etc.) are built as flat sheet, tubular
or hollow fibre membranes. Ceramic membranes are built in flat sheets or in tubular shapes (Lin et al.,
2013). The type of membrane, material and configuration is determined by the process conditions,
suspended solid concentration and composition of the broth. Especially when broths contain medium
chain fatty acids at pH <6, ceramic membranes are preferred over polymeric membranes, due to
the degradation of the polymers by the organic acids. One key issue to be considered for filtration
processes in waste-contexts is fouling, where solids in the stream build up on the membrane, leading
to increased pressure drops, and increased energy requirements for filtration. Membrane cleaning,
back-washing and other fouling-mitigating strategies have been developed and are routine practice for
these systems, as described elsewhere (Judd & Judd, 2011).

7.4.2 Physicochemical product upgrading

This sub-section briefly summarizes some of the most promising physicochemical approaches for
the recovery and upgrading of carboxylic acids from fermentation broths. These are, in most cases,
based on existing technologies applied in other settings that can be bought off-the-shelf. Therefore,
the focus of this sub-section will lay on introducing the general principals of each technology rather
than discussing how to engineer them, which has been extensively described elsewhere (Green &
Perry, 2008). The latter will be dependent on many factors such as the carboxylic acid composition,
concentration, final target product, and so on.

7.4.2.1 Product extraction and up-concentration

Traditional anaerobic digestion generates methane, a gaseous product that spontaneously separates
from the broth. Open culture acidogenic fermentations produce organic acids with variable, but
generally, high water solubility. In this context, acetic, propionic, butyric and valeric acids are water
miscible, and only acids with carbon length of five carbon atoms or longer form an oil phase when
the concentration of their undissociated form reaches the solubility limit (e.g., 49.7 g L for valeric
acid, 10.8 g L-! for caproic acid, etc. (Saboe et al., 2018)). Due to the high solubility of organic acids,
and their low concentration achieved in mixed culture fermentations, extraction, concentration
and purification methods are often needed. For instance, the addition of CaCO; or NH,HCO; to
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counteract acidification may lead to the production of calcium or ammonium carboxylate salts that
will precipitate when their concentration in the fermentation broth is high enough (e.g., >320g L!
for Ca acetate, at 25°C, >61 g L-! for Ca lactate, at 25°C, etc.) (Lopez-Garzén & Straathof, 2014). On
the other hand, when fermentations are operated at low pH, the concentration of organic acids in the
broth are seldom higher than 10-20 g L-!, too low to enable their direct recovery as salts, requiring
other approaches. In general, the choice of downstream route (i.e., extraction, concentration and
purification) depend on the physicochemical characteristics of the acid and the final application. Here
we will describe methods for extracting and up-concentrating SCCA and MCCA. Extraction methods
include gas stripping, adsorption, pressure-driven membrane processes, liquid-liquid extraction, and
electrochemical membrane processes.

7.4.2.1.1 Gas stripping combined with absorption

Air and gas stripping applications aim to remove volatile compounds from a solution by contacting
clean air with the aqueous solution (i.e., fermentation broth) across a high surface area. This process is
governed by Henry’s law (Equation (7.2)), which describes the partial pressure of a volatile component
(i.e., SCCA) in a gas phase (Pgcca) in equilibrium with a dilute solution of that component at a
concentration Cgccy o Where H, is Henry’s law constant (mol-m—-Pa-):

H,, = Csccaag (7.2)
PSCCA

The maximum transfer rate (TR) of a specific SCCA that can be achieved at a stripping gas
volumetric flow rate, Q, is given by Equation (7.3):

CSCCA(aq) 7.3
TR = QCSCCA(g) = me (7:3)

Since only the undissociated species of the acids are volatile, the process is pH dependent. The
carboxylic acids in open culture fermentations have similar pKa values (4.87-4.89) but differ in their
Henry’s law constants that range between 23 and 70 mol-m—3-Pa-! (Sander, 2015).

A scrubber can be used to simultaneously regenerate the stripping gas and quantitatively recover
the SCCA. The absorption of the SCCA can be done in a CaCOj solution that enables recovering
the products as carboxylate calcium salts. The stripping gas remains water saturated at constant
temperature (Li et al., 2015).

Pervaporation is a modified version of gas stripping, where clean gas is not stripped through the
liquid, but instead contacts the liquid via a membrane. The SCCA can diffuse through the membrane
and transfer to the gas phase, after which the SCCA can be recovered as calcium salts, as described
above.

7.4.2.1.2 Adsorption

Carboxylic acids in gas or liquid phase can be sorbed onto a solid surface. This process is called
adsorption and depends on the interaction between the solid surface moieties and the carboxyl group
and hydrophobic tail of the carboxylic acids. Adsorption is typically carried out in a column packed
with a sorbent, which is often a resin with positively charged amine functional groups on the surface
(Lopez-Garzén & Straathof, 2014). The ion exchange mechanism of an acid can be described with the
following equilibria (Equations (7.4)-(7.6)), in which HA is the carboxylic acid, A~ is the carboxylate
anion, R,NH;_, is the non-protonated amine (for a primary amine x = 1, for a secondary amine x = 2,
and for tertiary amine x = 3), R,NH, " is the protonated amine and RxNH,,*A is the acid-resin salt:

HA <A +H" (7.4)
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R,NH;_, + H,O<s R.NH,_ , + OH" (7.5)

RxNH4,x + A7 ad RxNH4,xA (76)

Additionally, van der Waals forces occur between the hydrophobic tail of the acids and the matrix
of the resin (Rebecchi et al., 2016). The adsorption efficiency depends on the adsorption capacity of
the resin, that is mass of adsorbate per kilogram of adsorbent (Rebecchi ef al., 2016). Once the resin is
saturated, the carboxylic acids can be recovered by using a suitable solvent. The overall efficiency of
the process depends on the type of resin used, the adsorption capacity of the resin, operating pH and
temperature, type of desorption and the desorbing chemical used, presence of other competing anions
and the adsorption/contact time (Reyhanitash et al., 2017).

7.4.2.1.3 Pressure-driven membrane processes

Reverse osmosis and nanofiltration are used to separate solutes from solvents by semi-permeable
membranes. These can be used to recover SCCA from streams after solids-removal as described in
section 7.4.1. In a second filtration step for product recovery, a membrane is used to concentrate the
SCCA in solution, by allowing the transfer of water, but rejecting the SCCA (Zacharof & Lovitt, 2013).
Several factors affect the recovery rate, including solution pH, temperature, product concentration and
hydraulic pressure. While pH and pressure are positively correlated with the organic acid recovery,
the increase in temperature decreases its concentration. This approach is established for industrial
fermentations and there is a growing literature on these methods for SCCA recovery from waste streams
(Atasoy et al., 2018). As a final note, it is important to highlight that issues such as biofouling or inorganic
scaling can occur, resulting in increased energy input and the need for regular membrane cleaning.

7.4.2.1.4 Liquid-liquid extraction

In liquid-liquid extraction systems, an aqueous phase containing the organic acids is put in contact
with an organic solvent. The organic acids in their undissociated form are hydrophobic and partition
into the organic phase. The longer the chain, the higher is the partition coefficient (Table 7.4). Since
only the undissociated form dissolves in the organic solvent, it is evident from the equations listed
below (Equations (7.7)-(7.9)) that the efficiency of the extraction step is pH dependent:

Ko = (7.7)
Hiw

_ Criw 7.8

CHiw = 1 + lo(pH—pK,'a) ( )

Table 7.4 Standard octanol — water
partition coefficients for different
organic acids (Hansch et al., 1995).

Carboxylic Acid Log Kow
Acetic acid —0.17
Propionic acid 0.33
Butyric acid 0.79
Valeric acid 1.39
Caproic acid 1.92

Caprylic acid 3.05
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_ CTiw 7.9
Cis — Djsw * W ( )
where K, is the partition coefficient of the compound i between the solvent s and the aqueous phase

at equilibrium, C; is the concentration of i in the organic phase, Cy;, is the concentration of the
protonated species of the acid in the aqueous phase, Cy;, is the total concentration of the carboxylic
acid in the aqueous phase, and pK;, is the pH at which the concentration of the protonated and
dissociated species of a monoprotic acid are equal. Table 7.4 lists the log of the partition coefficient of
different carboxylic acids between octanol and water under standard conditions.

Alkylphosphine oxides, trialkylamines, apolar solvents and combinations thereof are the most
investigated solvents for the extraction of carboxylic acids from fermentation broths. Kerosene and
paraffin oil have been successfully used as organic solvents in combination with trioctylphosphine
oxide (TOPO) in concentrations in the range of 3-20% (Agler et al., 2012; Levy et al., 1981). Higher
concentrations of TOPO in the solvent enhance the extraction of shorter chain carboxylic acids.
The main advantage of the extraction with solvents is that it is more selective than other extraction
techniques and enables selective extraction of medium chain over short chain carboxylic acids. Since
the separation between the organic and liquid phases is slow, these can be indirectly contacted across
a hydrophobic membrane, which enables the diffusion of the undissociated acids to the organic solvent
(Agleret al.,2012,2014). This allows for a very significant reduction in equipment size, but membranes
are easily fouled and wet, requiring periodical cleaning and regeneration of the hydrophobic surface.

7.4.2.1.5 Membrane electrochemical processes

Technologies like electrodialysis (Qian-Zhu ef al., 2016) or membrane electrolysis (Andersen et al.,
2014) allow extracting and concentrating the dissociated carboxylates to an aqueous extract by using
the potential difference between two electrodes. In electrodialysis, cations are transported across
a cation exchange membrane to the cathode compartment while anions are transported across an
anion exchange membrane to the anode compartment. Carboxylic acids can be recovered in their
undissociated form in the acidic anode compartment, while reduction of water at the cathode generates
a caustic stream that can be used to control the pH in the fermenter. In membrane electrolysis, the
fermentation broth is fed to the cathode compartment and the carboxylates extracted to the anode
compartment where they become protonated. Additionally, the broth in the cathode compartment
becomes alkaline due to the OH- generation from water reduction and the acidification of the
fermentation can be counteracted without the addition of chemicals. The main disadvantage of these
membrane electrochemical technologies is the low selectivity of the membranes for organic acids
which cause low power efficiencies due to co-extraction of smaller inorganic ions. Smaller molecules
have higher electrophoretic mobility and therefore electrochemical techniques are more suitable for
extraction of SCCA.

7.4.2.1.6 Hybrid downstream trains

Combinations of the techniques described above can be applied. For example, if MCCA are to be
produced in acid form, liquid-liquid extraction can be combined with membrane electrolysis (Xu
et al., 2015). The organic acids in their protonated form are extracted from the fermentation broth to
an organic solvent. Once in the organic phase they can be recovered in a second extraction step with
an alkaline aqueous solution. The difference in pH between the broth and the alkaline side generates
a gradient in the concentration of undissociated organic acids that drives the extraction. In order to
sustain the driving force, the pH of the aqueous extract needs to be maintained alkaline. This can
be done by circulating it through the cathode compartment of a membrane electrolysis cell. The
OH- generated in the cathode maintains the alkaline conditions. Additionally, if the electrolysis cell
is fitted with an anion exchange membrane, the dissociated organic acids will be transported to the
anode compartment, where they become concentrated and acidified by the H+ generated by anodic
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water oxidation. Once the organic acids accumulate over their solubility limit, they form an organic
phase composed of MCCA. This extraction pipeline requires the fermentation to be run at pH values
in the range of 5-5.5, since only undissociated MCCA are extracted in the solvent extraction part of
the system.

Liquid-liquid extraction can be combined with distillation, a well-established technology in the
chemical industry. A first step of extraction with a solvent can be followed by distillation, which
enables separating the organic acids from the solvent. For instance, it has been calculated that acetic
acid can be recovered by using a pipeline including liquid-liquid extraction followed by a heat-
integrated two-stage distillation, at 2.6 MJ Kg! acetic acid (Saboe ef al., 2018).

7.4.2.2 Chemical conversions
Organic acids derived from fermentations can be used as substrates for the production of multiple
chemical derivatives. Organic acids can be esterified with alcohols under acidic conditions to
generate alkyl esters. Alternatively, after pre-concentration, acids can be converted into ketones by
thermochemical reduction. Ketones can be further hydrogenated to alcohols (Holtzapple ef al., 1999).
Additionally, organic acids can be used to produce alkanes by an electrochemical hydrolytic process
known as Kolbe electrolysis (Agler et al., 2011; Levy et al., 1981; Urban et al., 2017).

The list of possible transformation products of organic acids is larger than their current applications
and the progressive substitution of petroleum based feedstocks is likely to promote the generation of
novel pipelines and applications.

7.4.3 Biological product upgrading

This sub-section will introduce two potential biological routes for the upgrading of carboxylic acid and
their recovery as a marketable product: (i) polyhydroxyalkanoates as bioplastics; and (ii) microbial
protein as feed. Both routes are further discussed in upcoming chapters, which also cover the more
engineering-related aspects of such processes.

7.4.3.1 Polyhydroxyalkanoates for bioplastics

Polyhydroxyalkanoates (PHA) have been proposed as bio-based and bio-degradable alternative
polymers to current petrochemical thermoplastics (Reddy et al., 2003). Their mechanical and physical
properties, for example insoluble in water, resistant to hydrolytic degradation, biocompatible and
easier to process than traditional polymers (Bugnicourt et al., 2014), are of particular interest because
they can be tailored. They are also truly biodegradable in ambient conditions in soil and marine
environments, which is not the case for some alternatives (like poly-lactic acid) that require specific
conditions for biodegradation, such as higher temperatures (Tansengco & Tokiwa, 1998). PHA
consist of esterified chains of hydroxyalkanoic acids (HA), that is carboxylic acids with an additional
alcohol group, with most biologically produced PHA being made up of either polyhydroxybutyrate
(PHB), polyhydroxyvalerate (PHV), or a copolymer of the two (PHBV). However, many variations of
PHA have been demonstrated, and the monomers present in the PHA will determine their physical
properties as a plastic.

Microbial synthesis of PHA has been long known (Lemoigne, 1927; Weibull, 1953), with PHA
functioning as an energy storage molecule during aerobic growth of organisms under nutrient limited
conditions (Doudoroff & Stanier, 1959). SCCA are often used as substrates for PHA production. These
polymers are stored intracellularly, presenting themselves as intracellular granules. PHA production
can be achieved in pure culture systems where over 90% of the final dry biomass weight is PHA.
However, these processes require sterile culturing conditions and are limited to the use of defined
substrates, mostly crop based. Alternatively, mixed cultures can be enriched in PHA-accumulating
bacteria by applying selective strategies such as feast-famine and/or nitrogen limitation. These
strategies select for organisms that can take up the carbon quickly, and store it internally for later use,
for exmaple when nitrogen becomes available in the environment. With such a process, up to 90%
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of the final dry biomass weight is PHA when using a defined feedstock (acetic acid), while a product
with up to 80% PHA can be obtained when using waste-based SCCA (Johnson ef al., 2009; Korkakaki
et al., 2016). A case study on the PHA production from wastewater is presented in Chapter 8.

7.4.3.2 Microbial protein for feed and food

Microbial protein, that is microbial biomass with high protein content, has been suggested to create
feed and food with high nutritional value from low-value or waste streams (see Chapter 9) (Matassa
et al., 2016). The strength of this concept is the direct recycling of carbon, nitrogen and energy from
wastes to food. This can happen indirectly, by using it as animal feed, or directly using it for human
consumption. Both methods have been shown to significantly reduce the pressure on the environment
associated with food production. In a recent study, it was estimated that by 2050, microbial protein
could make up 10-19% (175-307 Mton) of protein fed to livestock. This substitution could result in
up to a 13% reduction in land use for crops, up to 8% reduction in nitrogen losses from croplands and
up to 9% reduction in greenhouse gas emissions when comparing to a full crop-based livestock diet
(Pikaar et al., 2018). While the core of the microbial protein platform is the recovery of nitrogen into
a valuable product, microorganisms also need a carbon and electron source to grow. Several pipelines
have already been explored to supply both nitrogen and carbon to processes producing microbial
protein (see Chapter 10). One example is the conversion of low-value industrial side or process streams
to microbial protein, for instance, wastewater from a potato processing facility. Another route that has
been suggested is the use of carboxylic acids produced through fermentation processes as a sustainable
carbon source to grow biomass. Two types of bacteria have been proposed for the production of
microbial protein with carboxylic acids as substrates: aerobic heterotrophic bacteria and purple non-
sulphur bacteria (PNSB). The former group uses the carboxylic acids as a conventional aerobe, using
them as energy source as well as carbon source. PNSB on the other hand are phototrophic and use
light as a source for energy. This means that carboxylic acids are solely directed to biomass growth,
resulting in a higher carbon yield. This coupling of fermentation and microbial protein production
can provide a sustainable source of feed and food. However, this technology is still in development,
and several technological and policy barriers need to be tackled before it can move forward (Alloul
et al., 2018).

7.5 CONCEPTUAL OVERVIEW OF THE PRODUCTION OF SHORT-CHAIN CARBOXYLIC
ACIDS (SCCA) FROM WASTEWATER

7.5.1 Technological principles

SCCA are considered high value-added products, which can be converted into biofuels, bioplastics,
and so on. or used as chemicals in various industries, including as a supplementary electron donor in
wastewater treatment. Currently, most SCCA are petrochemically produced, but there is a growing
research and industrial interest in the development of alternative biological routes that are potentially
more sustainable (Reyhanitash et al., 2017). Organic-rich industrial wastewater or sewage sludge can
be hydrolyzed and fermented to SCCA in acidogenic fermentation. In the case of waste activated
sludge, it has been estimated that if organic matter in sewage is first captured as sludge using, for
example, chemically enhanced primary treatment, and subsequently fermented, about 20-30g
SCCA-COD-IE-!-d-! can be produced (Alloul et al., 2018). The separation of the produced SCCA is
a crucial process to obtain value-added products that can be sold (see section 7.4 for a summary of
various separation technologies). It is important to highlight that the recovery of SCCA may only
be economically viable at medium- and large-scale WWTPs due to the large capital costs required.
An alternative to separation and commercialization of these SCCA as chemicals, is their use either
directly in a WWTP as electron donor or as feedstock to produce other valuable compounds, such
as polyhydroxyalkanoate (PHA) bioplastics. Therefore, the specific processes that are necessary
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to implement will vary according to the intended application(s). The benefit of direct use on-site
is that the WWTP becomes its ‘own client’ and, as such, further purification, transformation or
commercialization efforts are not needed.

7.5.2 Fundamental principles

Over the past 20 years much research has been devoted to the production of SCCA from complex
organic wastes by mixed cultures, instead of methane. The main fundamentals of open mixed culture
fermentation and product recovery have been introduced in sections 7.3 and 7.4. The following further
builds on this knowledge by summarizing the key process parameters and conditions to achieve SCCA
production.

First and foremost, SCCA accumulation in an open mixed culture requires the inhibition/
suppression of organisms consuming them as substrate, for instance methanogenic archaea. The
fermentation pH is one of the most important parameters to steer the process, and SCCA accumulation
is usually achieved by inhibiting/suppressing methanogenesis at pH above 8.0 or decreasing the
fermentation pH below 6.0 (Atasoy et al., 2018). The fermentation pH also has a direct effect on the
hydrolysis and acidogenesis steps, and pH deviating from the neutrality tend to negatively affect the
rates of hydrolysis and/or acidogenesis. Temperature has also a great impact on enzymatic activities,
growth of microorganisms, and hydrolysis rate. Within the mesophilic range, reaction rates increase
with temperature. Shifting from mesophilic to thermophilic conditions may also result in higher
SCCA concentrations and changes in the SCCA product spectrum, but at the expense of increasing
heating cost (Hao & Wang, 2014; Zhang et al. 2009). Short biomass retention (<5 days) times can also
contribute to SCCA accumulation by resulting in a partial/complete wash-out of methanogens, which
have doubling times often in the order of 4-5 days.

The quantity of SCCA produced is dependent on the degree of acidification of the input substrates,
which is reflected in the percentage of initial COD converted to organic acids and other fermentation
products (Atasoy et al., 2018). More reduced substrates such as cheese whey or energy crops will result
in higher SCCA yields than, for instance, waste activated sludge. A membrane filtration unit (Longo
et al., 2015) or centrifuge (Morgan-Sagastume et al., 2014) can be installed after the fermentation tank
to separate the SCCA-rich fermentation liquid from the sludge, as discussed in section 7.4. The SCCA
recovery rate is highly dependent on both the recovery approach and fermentation conditions (as the
latter determine the fraction of SCCA that are in their (un)dissociated form and can be extracted by
a certain method).

7.5.3 Applications

SCCA have various potential applications. Organic acids are used to generate very diverse chemical
commodities. Acetic acid is used in the production of vinyl acetate, ketene and acetic anhydride
(Sneeden, 1982). Although organic acids generally have an unpleasant smell, their ester products are
often used in fragrances. Esters like methyl-, ethyl- or isobutyl-acetate, are commonly used as solvents.
Esters of valeric acid are primarily used as food additives due to their fruity smell. Acetic, propionic
and butyric acids are used in the preparation of cellulose (-propionate, -butyrate) acetates, which are
thermoplastics used in the production of films and fibres (Jiang et al., 2018). Typical market prices,
applications, and production methods associated with common SCCA are shown in Table 7.5.

SCCA can also be used as feedstocks in the production of renewable plastics and bio textiles. The
most paradigmatic example is their use as carbon and energy source in PHA production (see Chapter
9 for further information). The required types of SCCA are different depending on the polymers to
be produced. Whereas acetic acid and butyric acid are necessary for polyhydroxybutyrate (PHB)
production, propionic acid is favoured for polyhydroxy valerate (PHV) (Peces et al., 2016).

SCCA-containing fermentation liquids can also be used on-site for the optimization of biological
nutrient removal (BNR) in WTTPS, as they contain easily biodegradable carbon sources (Kehrein
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Table 7.5 SCCA features (adapted from Atasoy et al., 2018).

SCCA Market Price Application Production Methods Reference
(€/ton)

Acetic acid  400-800 Vinyl acetate monomer (polymers, Chemical synthesis and Bhatia
adhesives, dyes), ester production, microbial fermentation and Yang
chemicals, food additive, vinegar, (2017)
solvent

Butyric acid  1500-1650 Animal and human food additive, Chemical synthesis, Zigova and
chemical intermediate, solvent, microbial fermentation, Sturdik
flavouring agent extraction from butter (2000)

Propionic 2000-2500 Esters used for food industry as aroma Chemical synthesis and Cheryan

acid additive, food additive, flavouring, microbial fermentation, (2009)
pharmaceuticals, animal feed by-product of acetic acid
supplement, fishing bait additive production

et al., 2020). In many cases, wastewater does not include a sufficient amount of biodegradable soluble
organic carbon for denitrification and hence external electron donors such as methanol, glucose or
acetic acid, are supplied externally for efficient BNR (Hu ef al., 2018). In this case, SCCA recovered
from wastewater can act as a source of electrons in biological nutrient removal units, replacing
methanol or other external substrates. Acetic acid is the most preferred SCCA for denitrification
since it is an easily degradable compound by many bacteria, followed by butyric and propionic acid.
Propionic acid has been found to enhance denitrifying biological phosphorus removal via nitrite due
to the increase in the amount of phosphorus-accumulating organisms (Frison et al., 2016).

7.5.4 Case studies

Despite the research interest in SCCA production from wastewater or its derivatives, to the best of the
authors’ knowledge there are no pilot-scale installations or case studies demonstrating the production
of SCCA from wastewater and their recovery as organic acids. However, several case studies have
explored the production of SCCA and its use in secondary biological processes.

First, the PHARIO project ( www.phario.eu) demonstrated the production of PHA from SCCA
derived from waste activated sludge. One of the focuses of the project was to demonstrate the
production of SCCA from waste streams (i.e., carbohydrate-rich process effluent delivered from a
local candy factory and waste activated sludge). Experiments were conducted in a pilot-scale (1200 L)
well-stirred batch anaerobic fermentation vessel temperature-controlled at 37°C. The process water
from the candy factory was fermented for in batch for 7 days with a pH controlled between 5.5 and
6.0. The SRT of the biomass was between 7 and 10 days. The fermentation product contained 16 g
readily biodegradable COD-L-! and the SCCA composition of the different batches was composed of
mixtures of C2-C7 carboxylic acids. The fermentation experiments with the primary sludge from the
Waterschap de Dommel were conducted in batches with continuous mechanical stirring for 6 days at
37°C, with pH monitoring but with no pH control. The sludge matrix was self-buffering and generally
the pH was inherently maintained between 4.8 and 5.5. As opposed to the candy factory process
water, no biomass was retained between batches since the WAS contained also anaerobic fermenters
(STOWA, 2017). The PHARIO project has achieved SCCA yields around 0.25 g SCCA-g! VSS and
SCCA concentrations in the fermentate in the order of 8-10 g COD-L!, mostly mixtures of acetic,
propionic, butyric and valeric acids (STOWA, 2014).

Another example of this is the production of SCCA and their in-situ use in a WWTP for enhanced
nutrient removal is the Short-Cut Enhanced Nutrients Abatement (SCENA). This process aims at
biological nitrogen removal and P-bioaccumulation via nitrite during the treatment of anaerobic
supernatant (Figure 7.6). Sludge liquor from dewatering of digested sludge is heavily loaded with
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Figure 7.6 Schematic diagram of the SCENA process. The SCENA process was demonstrated at full-scale in the
WWTP of Carbonera (Italy) within the H2020 SMART-Plant project.
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nitrogen and phosphorus, especially when the sludge is pre-treated by thermal pressure hydrolysis
(THP) before digestion, putting an additional load on the mainline and limiting the overall treatment
capacity of the plant. Sludge liquor after THP also contains a low fraction of biodegradable organic
carbon, so that conventional biological processes for nutrient removal in sludge liquor have to be
operated with the costly addition of an external carbon source. The SCENA process can remove
nitrogen and phosphorus from sludge liquors with low energy demand using an internal carbon
source such as supernatant from primary sludge thickening or SCCA from fermentation of sludge. The
SCENA system integrates the following processes: (i) optional upstream concentration of cellulosic
sludge; (ii) fermentation of dynamic thickened sewage sludge to produce SCCA as carbon source; and
(iii) via nitrite nitrogen and phosphorus removal (by P-bioaccumulation) from sludge reject water
using an SBR. In this configuration, nitrogen is removed through the bioprocesses of nitritation/
denitritation and enhanced biological phosphorus removal (EBPR) via nitrite using the SCCA from
sludge fermentation liquid as carbon source.

The targeted recovery of SCCA from municipal wastewater using the SCENA process was achieved
by controlled fermentation in the Carbonera WWTP at pilot-scale (Longo et al., 2015) and was the
basis of a subsequent scale-up carried out in 2017 within the Horizon2020 SMART-Plant innovation
action (Longo et al., 2017). Currently, a sequencing batch fermentation reactor (SBFR) (total volume
of 3 m3) is in operation for the production of SCCA by acidogenic fermentation (Conca et al., 2020).
The SBFR is operated at 37°C and the mixed liquor is kept under continuous agitation by a mixer.
High SCCA concentrations are obtained for the main species as acetic acid (2000-3000 mg L-1),
propionic acid (4000-5000 mg L-!) and valeric acid (700-800 mg L-!). The environmental life cycle
assessment and life cycle costing analysis revealed that the implementation of the SCENA process
in the WWTP side-stream is an economic and environmentally friendly solution compared to the
traditional plant layout with no side-stream treatment, due to the reduction of energy and chemicals
for N and P removal, respectively, allowing the production of BioP (biological phosphorus removal)
biosolids in the sludge line. Based on the results of the pilot operation, it was estimated that the
installation of the SCENA process on an existing plant would have an associated additional CAPEX
investment of €6/PE and provide an OPEX saving of €1.3/PE/y. The payoff time of such installation
would be approximately five years. The application of SCENA affects the overall WWTP because it
reduces the nitrogen load to the mainstream biological reactor. Implementation of a SCENA system
for side-stream nutrient removal does not have a positive energy balance when operated with an
external carbon source.

7.6 CONCEPTUAL OVERVIEW OF THE PRODUCTION OF MEDIUM-CHAIN CARBOXYLIC
ACIDS (MCCA) FROM WASTEWATER

MCCA have been suggested as interesting bioproducts due to their market value and interesting
chemical properties. Their production requires coupling SCCA production to a secondary anaerobic
biotransformation (i.e., chain elongation). In this section, we will explore the fundamentals,
applications and state of technology development for production of MCCA from waste streams.

7.6.1 Technological principles

Since MCCA production requires, in most cases, two distinct metabolic processes,an MCCA production
process can be conceived as a one- or two-stage system depending on the wastewater properties and
chosen route. In a two-stage process, the wastewater (or sludge) would be first fermented to SCCA in
a first acidification step, and subsequently converted to MCCA in a chain elongation step. The latter
could proceed via ethanol chain elongation if ethanol is added externally, or via lactic acid if this is
in-situ generated in the first step. Alternatively, these processes could be engineered in a one-stage
system, decreasing the capital costs (only one reactor is needed instead of two), but making process
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optimization more challenging as it is not possible to optimize process conditions (e.g., organic loading
rate, retention time, pH, temperature, etc.) for each metabolic step individually.

A second important consideration from a process design perspective is whether or not MCCA
are extracted in-line or not, and using what approach. Accumulation of MCCA and their associated
toxicity is a strong driver to recover the product directly from the reactor broth (i.e., in-line product
recovery). The choice of product recovery strategy will highly depend on the process pH. When a
neutrophilic chain elongation process is chosen, recovery has been mostly undertaken via adsorption
processes. When targeting in-line product recovery, mildly acidic chain elongation coupled to liquid-
liquid extraction (i.e., pertraction, see section 7.4.2.1.4) is, at present, the best recovery approach
because: (i) it is selective to more hydrophobic compounds such as MCCA over SCCA; and (ii) does
not extract anions and cations.

7.6.2 Fundamental principles

Microbial MCCA production entails SCCA production by an acidogenic fermentation coupled to a
biological upgrading step (i.e., chain elongation). Exceptions to that are the production of iso-caproic
acid via leucine fermentation and the direct production of MCCA from carbohydrates by Megasphaera
hexanoica or Caproiciproducens galactitolivorans (Jeon et al., 2010, 2016, 2017; Kim et al., 2015).
In general, however, MCCA production in mixed microbial communities requires the availability of
SCCA and either ethanol or lactic acid as electron donors.

MCCA production via ethanol chain elongation is, to date, the most studied route (although not
necessarily the most relevant for their production from wastewater since ethanol is very seldom
produced at relevant concentrations in mixed culture fermentations (Chen et al., 2017). As such,
this approach requires the addition of external ethanol as substrate. Using this ethanol as electron
donor, ethanol chain elongators can convert the SCCA produced in an acidogenic fermentation from
carbohydrates or proteins into MCCA (see section 7.3.3.2 for further details).

In contrast, lactic acid can be produced from carbohydrate-rich wastewater by lactic acid bacteria,
even in open cultures (Kim et al., 2016). This lactic acid can then be used as electron donor to elongate
SCCA present in the broth (or derived from lactic acid oxidation) in processes analogous to ethanol
chain elongation from a biochemical standpoint (Zhu et al., 2017). Other compounds often present
in wastewater such as peptides or carbohydrates (e.g., fructose or galactitol) have also been shown to
be potential substrates for MCCA production (see section 7.3.3.3 for further details), although their
relevance in the wastewater context is, at this point, unclear.

Usually, molar ratios of electron donor (either ethanol or lactic acid) to SCCA of four are needed
to elongate, that is acetic acid to caproic acid (Barker et al., 1945). In practice, most reports use ratios
>4 to enhance the production of MCCA (mostly targeting higher fractions of C8) (Spirito et al., 2018).
However, this approach comes at the expense of excess electron donor oxidation, decreasing the
overall process selectivity (Candry et al., 2020; Roghair et al., 2018a, 2018b).

7.6.3 Applications

Caproic (C6), enanthic (C7) and caprylic (C8) acid(s) are some of the most target MCCA for
bioproduction processes. These compounds are currently sourced from natural oils (e.g., palm oil,
coconut oil), have small markets (<10 000 tonnes/year) and high market values (around €2000/tonne)
(Moscoviz et al., 2018). This market opportunity has triggered the recent interest in the microbial
production of MCCA from waste streams. MCCA are recovered as an oil, very rarely pure, but rather
containing variable fraction of SCCA (usually below 30% w/w (Agler et al., 2012)). Depending on
the application, for example feed additive, antibiotic substitute and corrosion inhibitor as well as
feedstock for the production of fragrances, flavours, fuels and plasticizers (Angenent et al., 2016), it
may be possible to directly use the bio-oils as raw material, although in most cases they will need to
be fractionated via, that is, distillation.
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7.6.4 Case studies

First and foremost, it is important to start this sub-section by emphasizing that microbial MCCA
production is still an emerging concept and at the moment this chapter is being written, no full-
scale installations are yet operational. There are however a couple of full- or demo-scale installations
currently being constructed that are worth mentioning to highlight the industrial relevance of the
topic at hand. It should be emphasized that these cases do not start from wastewater or wastewater-
derived feedstocks. The first one to be considered is a semi-commercial demonstrator at the port of
Amsterdam built by Chaincraft, a Dutch company that targets the production of MCCA from food
waste by acidification and chain elongation with external ethanol addition (ChainCraft, 2019). As
discussed later in this sub-section, several of the reports on the production of MCCA from waste
activated sludge follow a similar approach, combining waste acidification with chain elongation using
external ethanol as electron donor. Secondly, Afyren is a French company focused on the production
of carboxylic acids (among which is caproic acid) from co-products from the sugar industry. Afyren is
currently constructing a first plant with a capacity of 16 000 tons mixed carboxylic acids per annum
(Sofinnova, 2020).

Beyond these two large-scale endeavours, a last commercial effort worth mentioning is that of
Capro-X, an agritech spin-off from Cornell University. Capro-X aims to produce MCCA from acid
whey, a dairy industry wastewater that requires treatment before discharge (Capro-X, 2020; Carvalho
et al., 2013; Duber et al., 2018). This process is currently being tested at a 5600 L demonstration-scale
plant at a dairy plant. Although specific information on the Capro-X process is currently not available,
recent publications from the company founders suggest a temperature-phased two-stage process via
lactic acid, coupling thermophilic acid whey fermentation to lactic acid, and subsequent mesophilic
conversion of the lactic acid to MCCA. In that particular study both steps were operated at a pH of 5,
and MCCAs were extracted using pertraction. MCCA production rates of 1.7 g L' d-! were reported
at an MCCA selectivity of 66% on a carbon basis (Xu et al., 2018). Similar production rates and
selectivity (2.6 g L~ d-', 58-83%) were obtained in another lab-scale study by Duber and co-workers
converting acid whey to MCCA in a one-stage system operated at 30°C and pH 5.5 without in-line
product recovery (Duber ef al., 2018). Following a similar approach, the production of MCCA from
thin stillage (an organic-rich watery stream generated as a side-stream of the bioethanol industry)
has been demonstrated in a one-stage 60 L semi-pilot operated at pH 5.0-5.5 with product extraction
(both pertraction coupled to membrane electrolysis and direct membrane electrolysis). The system,
fed at an organic loading rate of 5 kg COD m~3 d-! achieved a production of 1.7 + 0.6 g MCCA L' d-.
Using pertraction, the n-caproic acid was extracted at an efficiency of 73% (Carvajal-Arroyo et al.,
2020). Besides, successful MCCA production (7 g MCCA acid L' — mostly caproic acid, 81% MCCA
selectivity) has been reported from Chinese liquor-making wastewater, which contains both ethanol
and lactic acid (Wu et al., 2018) and wine lees (Kucek et al., 2016), and so on. proving that the
production of MCCA from carbohydrate-rich industrial wastewater is a promising concept to generate
value of an organics-rich wastewater.

Comparatively, the production of MCCA from domestic wastewater (mostly from waste activated
sludge) is in a more preliminary stage and low technology readiness level. Low concentrations of
caproic acid (representing less than 5% of the SCCA chemical oxygen demand) have been reported
in fermentation broths derived from the fermentation of thermally hydrolyzed waste activated sludge
(WAS) (Morgan-Sagastume et al., 2011). Recently, several researchers have attempted to boost MCCA
production in WAS fermentations by adding external ethanol, in a similar approach as that of the
company Chaincraft. Wu and co-workers fermented WAS in alkaline conditions and with the external
addition of ethanol, produced about 2-2.5 g L-! caproic acid (Wu et al., 2020). Similarly, Wang and
co-workers fermented WAS (8% TS) and further converted the SCCA produced to MCCA in a second
step using a chain elongation inoculum and with external ethanol addition (ratio 1:3). In that case,
they reached final caproic acid concentrations of 5 g L' (Wang et al., 2020). It is important to mention
that these two studies were small-scale laboratory proofs of concept, far from what one would consider
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realistic case studies. Finally, a last report worth mentioning is the co-fermentation of waste activated
sludge with organic waste consisting of alcohol and soda beverage, food, dairy, fruit, fat and oil wastes.
By operating a 15-L bio-reactor at pH 5.0 semi-continuously, using as feed a mixture of primary
sewage sludge to organic waste at ratio of 1:1, it was possible to achieve an MCCA concentration of
4 g L' at a selectivity of around 55% (Owusu-Agyeman et al., 2020). Despite not considering product
recovery (the focus of the study was the production of SCCA to aid denitrification in the WRREF), this
latter study represents a more realistic take on the production of MCCA from sludge as it avoided the
need for external addition of expensive ethanol and was conducted in a bio-reactor. However, while
promising, this MCCA production avenue is still in its infancy.

7.7 CHALLENGES, OPPORTUNITIES AND RESEARCH NEEDS

Bioproduction of carboxylic acids from wastewater and industrial side-streams is, as mentioned before,
still in its early stages. There are several key challenges that need to be overcome to further develop
and mature these technologies. In what follows, we give a brief overview into these challenges, where
research can help overcome these challenges, and the opportunities these systems offer for the future.

7.7.1 Bioprocess engineering

An efficient bioproduction process should aim to convert the feedstock at high production rates, with
high product selectivity and substrate consumption efficiency. Optimizing these targets simultaneously
may not be possible, and the best bioprocess may be obtained by balancing these optimization goals.

Volumetric production rates (g product-L ! reactor-h!) are the result of the biomass concentration
(g biomass-L-!) and biomass-specific production rates (g product-g-! biomass-h'). High production
rates could be achieved by engineering ways to keep these two simultaneously high. For instance,
biomass concentrations can be strongly increased by uncoupling hydraulic retention time (HRT) and
sludge retention time (SRT), that is by retaining biomass in the reactor. This can be achieved through
membrane retention (Pan et al., 2020), anaerobic filter reactors (Grootscholten et al., 2013) or granular
reactors (Carvajal-Arroyo et al., 2019; Roghair et al., 2016). Granules are self-aggregating biofilms
with high settling velocities that enable their retention in a reactor system, an approach already used
in full-scale anaerobic digestions, for example UASB, EGSB or IC reactor configurations (see Chapter
5 for more details). Reduced biological activity can be the result of low substrate concentration —
which should be avoided by amending feedstocks with more concentrated streams or engineering the
feeding strategy — or product toxicity. Carboxylic acids can be toxic through different mechanisms,
such as acidification of cell cytoplasm, disruption of cell membranes or interactions with intracellular
enzymes (Desbois & Smith, 2010; Palmqvist & Hahn-Hégerdal, 2000; Royce et al., 2013). One of
the main approaches to alleviate product toxicity in carboxylic acid producing bioprocesses has
been in-situ product recovery (see sections 7.4.2 and 7.6.2). Future research should aid in developing
strategies to overcome both the low biomass concentration and low biomass activity challenges and
pave the way to high-rate production processes.

Another key challenge to take into account is product selectivity, and associated with this,
substrate conversion efficiency. Mixed culture fermentations rarely yield a single product, but usually
result in a mixture of several SCCA and/or MCCA. Steering fermentations towards a target product is
important to achieve an economically feasible process, as the substrate utilization and its conversion
to the product of interest should be maximized. How to steer this depends heavily on what your
target product is, and whether the goal is a single product or a mixture of products. For instance,
for the production of polyhydroxyalkanoate (PHA) bioplastics, a mix of SCCA is actually desirable.
Choosing an appropriate strategy to steer fermentation towards a product requires information about
the substrate(s) used and good control over the process. Future research could aid in defining process-
specific approaches to optimize product selectivity. A point that is associated with this, and the
maximization of substrate conversion efficiency, is the need to inhibit methanogenesis in carboxylic
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acid-producing systems. Generation of methane implies a loss of substrate to a low-value and, in these
processes, undesirable product. Several feasible strategies to suppress methanogenesis have been
developed, and usually a combination of these is applied to prevent incursion of methanogens in the
system. For instance, (non)-specific chemical inhibitors can be used, such as 2-bromoethanesulfonate
(BES) or iodoform (Holtzapple et al., 1999; Zinder et al., 1984). Methanogens can also be removed
from the process inoculum by heat treatment, retaining only spore-forming organisms. Both of these
approaches have the downside that they do not prevent methanogens from re-entering the system
through the feedstock, and, they may be too costly to apply on a frequent basis. Alternatively,
operation at low or high pH has been applied to keep methanogens out (Agler et al., 2012; Zhang
et al., 2009) and using a low SRT can lead to the wash out of slower growing methanogens (Appels
et al., 2008), yet both strategies may have negative impacts on the activity and/or composition of the
community. Realistically, a ‘silver bullet’ to address the presence of methanogens without affecting
process performance has yet to be developed.

A last challenge that is worth mentioning is the development of realistic co-fermentation approaches
for valorization of waste sludge as MCCA. A first research hurdle to overcome is identifying substrates
that could be used to amend waste sludge with. Likely targets would be carbohydrate-rich wastes such
as food waste, vinasse from sugar refineries, or side-streams from bio-ethanol production. However,
a factor that is at least as important as ‘which streams are suitable?’ is ‘which streams are available?’.
Developing industrial symbioses for chemicals recovery from wastes is a context-dependent challenge
and restricting suitable co-fermentation wastes may result in foregoing high-potential, but only locally
suitable, approaches.

7.7.2 SCCA/MCCA product recovery

In many bioprocesses, downstream processing represents a key component of the process economics
and environmental footprint, often constraining their full-scale application (Woodley et al., 2008).
The product recovery impacts the economics of the overall processes in several ways. An ideal
downstream process has high extraction capacity, high selectivity and requires a low energy and
chemical input, although these are often opposed concepts.

A high extraction capacity minimizes the size of the downstream processing units, but often results
in poor selectivity. The selectivity impacts the overall production train in different ways: it ensures
that only the final target products are extracted, enabling fermentation intermediates and unwanted
compounds to remain in the fermentation broth and minimizes the cost of product purification. For
instance, in a bioprocess targeting caprylic acid, the extraction of shorter elongation intermediates,
that is acetic acid, butyric acid and caproic acid, would impact the selectivity of the bioprocess, since
those extracted intermediates cannot be converted to the final target product. Additionally, the
presence of unwanted by-products in the extract means that further fractionation is necessary. When
the extract is a mixture of salt carboxylates, purification of the salts would require recrystallization
(Kim et al., 2018), and when the extract is an oily mixture of free acids, distillation would be needed
to fractionate and purify the final products, at an additional energetic cost (Saboe et al., 2018).

When using liquid-liquid extraction, the selection of the solvent is crucial, for example Saboe
et al. (2018) showed that Cyanex 923, a solvent composed mostly of trialkyphosphine oxides, could
extract four times more caproic acid than trioctylamine, but the latter was two times more selective for
caproic acid with respect to valeric acid. Similar results were obtained when comparing mineral oil
with ketone-based solvents. Mixtures of phosphine based extractants with an organic apolar solvent
provided better selectivity towards longer carboxylic acids than the phosphine-based solvents alone,
but butyric and valeric acids are co-extracted (Naert, 2020).

Membrane processes enable extracting carboxylic acids from fermentation broths while minimizing
or dispensing the need for chemical dosage, although they suffer from low selectivity and are generally
energy intensive. Further development of membrane processes should improve their selectivity and
their fouling potential, which dramatically reduces their life.
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Even though there has been a vast effort in developing microbial processes for the production of
carboxylic acids as resource recovery products, there is a need for the development of economically
sound downstream processing pipelines. Interdisciplinary research crossing the boundary between
microbiology, chemistry and process engineering will be crucial for the future of these technologies.

7.7.3 From lab to real life

For several decades, biogas production from organic waste streams and wastewater has been
considered one of the most efficient technologies for resource recovery, together with land application
as organic fertilizer. However, as stated in this chapter, technologies to produce higher value products
from organic-rich wastes such as SCCA and MCCA are breaking through. Although several pilot and
demonstration scale projects are underway, most technologies for the production of carboxylic acids
from waste and industrial streams are currently at laboratory scale.

Bridging the gap from lab to real life remains challenging and requires, beyond the technological
and scaling up challenges, careful consideration of market development so that supply and demand
match. Using caproic acid as an example: its current global market is 25 000 tonnes per year (Moscoviz
et al., 2018). Even if caproic acid can be supplied at a more attractive price and necessary quality, its
mid-users need time to build-up capacity and/or develop new processes and product applications
that will result in an increased demand. As a result, production will need to be adjusted to market
development to ensure price stability. Another important aspect is whether or not the mid- and final-
user will accept a product derived from wastes, which has an impact not only on the acceptance,
but also on the selling price of the wastewater-derived carboxylic acids (and hence on the overall
economics and feasibility of the process).

Securing partners to cover all links of the supply chain (i.e., feedstock, production, recovery, mid-
user, distributor of final product and consumer of final product) is also critical. All these components
of the chain need to be secured by agreements that will ensure that once the SCCA/MCCA production
plant starts, its product will be taken up along the chain. Only with such agreements in place will it
be possible to guarantee a return on investment for the feedstock/producer and attract the necessary
investment. However, getting product off-take agreements can prove itself a challenge. One needs
to consider that mid-users would only commit themselves after successful preliminary tests or
prototypes. To conduct preliminary tests at such industrial scale, high volumes of product may be
required (up to a ton of SCCA/MCCA), which can only be achieved through demonstration-scale
projects. The investment needed for such large-scale projects that do not result in short-term profits
is a key challenge of the technology development, a stage commonly known as ‘the innovation valley
of death’ in which promising research cannot reach the market due to a lack of investment. It is thus
essential to find partners willing to invest in this step and take the risk associated with it. For industry,
this can only be achieved if the company has a long-term vision connected to their investment. A
demonstration project for SCCA/MCCA production is the final step towards commercialization, being
the gains from the investment expected at this later stage. However, it is challenging for companies to
accept that it may take five years or more until profits can be obtained. Hence, finding the right supply
chain partners to bridge the gap from lab to real life will be crucial for the development of full-scale
SCCA/MCCA bioproduction applications.

7.8 CHAPTER SUMMARY

In this chapter, some emerging concepts for the production of biobased products from organics
present in wastewater and/or derivatives (i.e., waste activated sludge) have been discussed, with
SCCA as central intermediate. The chapter focuses first on the microbial fundamentals of the process
(hydrolysis and acidogenesis), describing how organic compounds can be converted to various SCCA
as a function of the type of substrate, microbiology and operational conditions. Subsequently, various
physicochemical and biological recovery and/or upgrading routes of these SCCA are briefly illustrated,
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including their fundamental principles and basic engineering concepts. Based on this knowledge, this
chapter then describes how SCCA and MCCA could be produced from wastewater and the status of
development of such technology. Last but not least, the key challenges and shortcomings with regards
to bioprocess engineering, product recovery and market development are briefly touched upon.

7.9 EXERCISES

Exercise 7.1: Hydrolysis is the rate-limiting step in anaerobic conversions, and is usually described
using a first order kinetic (see Equation (7.1)). Assuming a substrate with an initial solids concentration
of 30 g COD-L-! and an anaerobic hydrolysis constant of 0.1 d-!, how long should the HRT of a reactor
be to ensure at least 85% substrate conversion?

Exercise 7.2: Calculate the ATPyield of alactic acid fermentation of 1 kg glucose [mol ATP-kg glucose ],
according to the information provided in Table 7.3. If a wastewater contains 30 g glucose-L-!, how
much energy can be potentially harvested by microorganisms performing such fermentation [mol
ATP-L1]?

Exercise 7.3: A continuous stirred tank reactor (CSTR) of 50 m® of volume treating industrial
wastewater is operated at a hydraulic retention time of 4 days. If the concentration of organic matter
in the wastewater is 45 g COD-L-!, what is the organic loading rate of the system [g COD-L-1.d!|? If
the biomass concentration in your reactor is 5 g VSS-L-!, what is then your F/M ratio [kg COD-Kg
VSS-L.d1)?

Exercise 7.4: In a given fementation process, carbohydrate-rich wastewater is fermented to either: (i)
lactic acid; or (ii) propionic acid. Calculate the NaOH requirements as meq OH—mol ! acid produced
and kg NaOH-kg! acid produced for each scenario at two operational pHs, 5.5 and 7. The pka of lactic
acid and propionic acid are 3.85 and 4.87 respectively.

Exercise 7.5: A food and beverage industry produces a wastewater flow of 250 m3 daily, containing
27 gL' COD, of which 87% is biodegradable. Calculate what would be the maximum annual caproic
acid production if all organic material can be selectively converted to it. Assume that 5% of the bCOD
ends up in biomass.

Exercise 7.6: Caproic acid is produced at a rate of 0.7 g-LL.--h~!in a CSTR operated at an HRT of 2 days.
What should be the caproic acid extraction rate [g-L--h-!] to ensure a concentration at the effluent
below 1 g caproic acid-L-'?

Exercise 7.7: A fermentation broth contains 10 g butyric acid-L-! and 5 g caproic acid-L-!. Assuming
pka of 4.82 and 4.88, respectively, calculate the concentration of their undissociated form at a pH
of 5.5 and 7. By which factor should we concentrate this stream to allow their recovery by phase
separation?

Exercise 7.8: A dairy industry hasinvested in a process to convert their wastewater streams (200 m3-d-1)
into MCCA, which consists of a continuous stirred bioreactor coupled to an in-line extraction system
(V =100 m3). Caproic acid is the dominant end product and it is produced at a rate of 0.5 g-L-"h-1.
The reactor pH is controlled at 5.5 and extraction is set in a way that the caproic acid concentration
in solution is always equal or below 1 g-L.-1. A process issue results in a failure in the extraction system
but does not affect the bioreactor operation. As a result, caproic acid accumulates in the system. If we
assume that the impact of caproic acid toxicity can be described using a non-competitive inhibition
term and the K, for this specific microbial community is 0.15 g-L-!, how would activity be reduced if
extraction is stopped for 24 hours. For the sake of simplicity, assume that the production rate will
remain unaffected during that period.
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Exercise 7.9: A bio-production plant consist of fermentation and downstream processing. The
fermentation step has a yield of 4 mmol propionic acid-g COD-1. The propionic acid in the fermentation
broth can be recovered with a 75% efficiency. If we want to produce 100 tonne propionic acid-d,
what should be the substrate loading [tonne COD-d']?

Exercise 7.10: The size of an installation determines the investment needed, although often not in a
linear manner. Larger installations are comparatively cheaper than smaller plants when one takes
into consideration the cost per unit of volume. This is usually described using a scaling law of the
formula: Cost, = Cost,-(Size,/Size,)?, where Cost, is the cost to build a certain installation of Size,,
and Cost, is the cost to build it at a different scale, Size,. These costs are related by a parameter a,
which reflects the linearity in scale-up cost. Imagine that constructing a 1 m? installation to produce
and extract a mixture of SCCA (acetic, butyric and propionic acids) costs €20 000. Assuming an a of
0.7, a unit production of 1 tonne SCCA-m-3.d!, and a selling price of €1700-tonne!, what should the
plant size be to reach break-even in five years.

710 DISCUSSION QUESTIONS

Question 7.1 (process design, choice of wastewater): You are an R&D engineer working for a company
that has developed a process to convert aqueous waste and side-streams into MCCA. You are currently
exploring different possible applications for your technology, including wastewater from a potato
factory rich in starch, secondary sludge from a local wastewater treatment facility and an aqueous
waste stream from a food-processing company specialized in the production of oil and margarine.
The chief technical officer of your company has asked you to select the most suitable of these streams
based on your a-priori knowledge. Which one do you think is more suitable to your technology and
why?

Question 7.2 (process design, dimensioning, capital costs): When constructing a new plant or facility,
the initial investment needed for the purchase and equipment can represent a large part of the total
costs. Discuss how key feedstock constraints and design and operational factors (e.g., organic loading
rate, substrate degradability, product concentration, production rate, etc.) can influence the CAPEX.
Take into consideration not only the bio-reactor, but also other equipment needed for, for example,
solid-liquid separation or downstream processing.

Question 7.3 (fermentation products, biochemistry): According to Table 7.3, the fermentation of
glucose to acetic acid results in the highest energy yields [ATP per mol glucose fermented]. Is the
fermentation of glucose to purely acetic acid possible and if so can you explain why?

Question 7.4 (fermentation products, biochemistry): Does the fermentation of glucose to carboxylic
acids always result in the production of CO,? If so, why does this happen? Discuss whether the
production of this CO, could be considered an issue in terms of climate change.

Question 7.5 (process design, selectivity): High product selectivity is important to ensure the inputs
resources are efficiently transformed into the product of choice. What are the critical factors to
take into consideration when designing a bio-process to ensure a selective production process. Take
into consideration aspects such as inputs, microbiology, fermentation and downstream. Moreover,
discuss the difficulties in order achieving selectivity with a special focus on the complexity
and often fluctuating nature of wastewater streams in terms of varying flows, composition and
concentrations.

Question 7.6 (wastewater properties, product quality): Product recovery is one of the critical steps
of a technology to convert wastewater into raw materials. How does the input wastewater affect
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downstream processing, both from a technical performance, economic, product quality as well as
from a consumer acceptance standpoint? Based on these points, compare the use of sludge from
municipal wastewater treatment plants versus a carbohydrate-rich industrial wastewater.

Question 7.7 (product quality, chemical industry and economy-of-scale): SCCA, such as acetic acid
and propionic acid, are produced through chemical process. Considering that chemical process can
produce these chemicals at a large scale and of constant quality, discuss the potential impact of the
latter in terms of market potential. In your answer, include the following aspects: (i) quality and
quantity aspects; (ii) logistics (i.e. means of storage, transportation and distribution); and (iii) ultimate
end-user.

Question 7.8 (product properties, product recovery): MCCA are seen as a more desirable product than
SCCA. Discuss what are the key technical and economic drivers for their production over SCCA. Are
there downsides to be considered? On what basis do you think that a company will make the end-
product choice?

Question 7.9 (technology uptake, new business models): Traditionally, the first and foremost task of
municipal wastewater treatment plants is to remove pollutants as a means to safeguard human health
and protect the receiving aquatic environment. Likewise, industries in the food and beverage sector,
dairy, and so on. focus on the manufacturing of certain goods, with wastewater being an unavoidable,
yet undesired, side-product containing pollutants (but thus also resources) that require treatment
prior to disposal similar to municipal WWTPs. The development of novel technologies for resource
recovery from wastewater should never conflict with is ‘protecting’ task, yet it requires more than
that, including the development of new business models and management approaches. Reflect on how
the need for the latter can potentially (negatively) impact the development and acceptance of new
processes and consider what type of business model would encourage their implementation in real
life installations.

Question 7.10 (environmental impact, externalities): Beyond economics, are there other drivers for
the development of novel routes to valorize organic materials in wastewater? Discuss how different
stakeholders can positively/negatively affect this development effort. In your discussion include terms
such as green image, sustainability, social license to operate, regulatory and political drivers.

Question 7.11 (scaling-up technologies, technology development and technology readiness level):
‘The valley of death’ is the stage of technology development between academic-based innovations
and their commercial application in the marketplace. The production of SCCA and MCCA is (or will
soon reach) this stage. Identify the key shortcomings of the different routes to convert wastewater
into carboxylic acids and consider what sort of technical advances are required to convince potential
investors. In your opinion, what role (if any) should policymakers play in the effort to bridge the gap
of ‘the valley of death’?
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8.1 INTRODUCTION

The most commonly implemented and established method for the valorization of organics present
in wastewater streams is anaerobic digestion (AD) as a means to recover chemical energy present
in organic matter as electricity and/or heat via biogas (see Chapter 5). However, the current value of
biogas is relatively low. As such, in recent years there has been an increasing interest in the development
of technologies that can recover organics embedded in the wastewater matrix in the form of higher
value products. Initially, R&D efforts were predominantly restricted to smaller scale testing with only
few concepts tested at large and/or full scale. In order for these innovative concepts to become mature
technologies that can be implemented by the water industry, long-term demonstration testing under
real-life conditions at a practically releveant scale is essential. Within this context, significant efforts
are currently underway through public-private collaborations and large scale EU funded projects. A
plethora of organic compounds can be recovered from drinking water, municipal wastewater and various
industrial wastewater streams. These include, but are not limited to, polysaccharides, cellulose, volatile
fatty acids (VFA, also referred to as short-chain carboxylic acids), polyhydroxyalkanoates (PHA), amino
acids, proteins, aliginate-like compounds, and so on. In this chapter, key achievements and progress
made with respect to the recovery of organics from municipal wastewater are presented. In particular,

© 2022 The Editors. This is an Open Access book chapter distributed under the terms of the Creative Commons Attribution Licence
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this chapter focusses on two specific products, namely, (i) cellulose and (ii) polyhydroxyalkanoates
(PHA). The fundamental principles, applications and design of approaches enabling the recovery of
these compounds are discussed, including engineering considerations and implications for practice in
a wastewater context. In addition to the technological aspects, the market potential of each of these
compounds in terms of product value and requirements (e.g. quality, volumes and market demand) are
discussed as well. Lastly, the research needs are highlighted, focused on challenges and opportunities
for these concepts to become mature technologies that can be implemented by the water industry and
replicated in different areas of the world.

8.2 LEARNING OBJECTIVES
At the completion of this chapter you should be able to:

« Understand the rationale, conceptual design and benefits of implementing approaches that
enable the recovery and valorization of organics from municipal and industrial wastewater
streams.

Explain the fundamental principles and key design criteria of approaches for recovery of
cellulose and PHA from wastewater streams.
Explain key specific challenges of the development and implementation of each technology.

« Use waste characteristics and site-based constraints to select appropriate forms of organic
recovery technology for a given situation.

Set a design basis for organic recovery technologies, conduct preliminary reactor sizing and
estimate their potential performance.

8.3 CONCEPTUAL OVERVIEW OF CELLULOSE RECOVERY FROM
MUNICIPAL WASTEWATER

Cellulose is a polymer of glucose constituted by a linear chain of glucose, also defined as the -1,4-
polyacetal of cellobiose (4-O 3-D-glucopyranosyl-D-glucose) with (CqH,,05), as its chemical formula
(Huang, 2013). It is a renewable, biodegradable, and non-toxic material that constitutes many
environmental-friendly and biocompatible products (Nechyporchuk et al., 2016). Cellulose fibers are
the major components (78.1% of virgin pulps and 67.4% of recycled pulps) of toilet paper (as well as
hygiene tissues) together with smaller amounts of hemicellulosic fibers and lignin from wood pulps
(Chen et al., 2018). The average consumption of toilet paper per capita in Europe is estimated to be
around 10-15 kg per year, which is three times more than the global average consumption (4.4 kg/
capita-year) (Crutchik et al., 2018). The toilet paper useage in the USA is even higher with an average
use of about ~23 kg/capitayear (Table 8.1). Moreover, although the annual consumption of toilet

Table 8.1 Per capita consumption of toilet paper in the United States,
China, Japan, Western Europe, Latin America, and Africa (Li et al., 2020).

Country/region Estimated per capita consumption of
toilet paper (kg) (2017 data)

United States ~23

China ~3

Japan ~11

Western Europe ~10-13

Latin America ~4

Africa ~0.4
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paper per capita is considerably lower in China (i.e. 2.9 kg/capita/year), the total amount of toilet
paper entering WWTPs is also significant because of its vast number of consumers (Li et al., 2020).

Despite the large consumption of toilet paper, cellulose fibers originating from toilet paper usage
are often overlooked as a contributor to total COD and total suspended solids (TSS). These fibers
represent a significant amount of the total COD and TSS load in municipal wastewater. In fact, the
influent cellulose content typically accounts for approximately 30 and 25-40% of the TSS and influent
COD, respectively (Ahmed et al., 2019). Due to the characteristics of cellulose fibers and the prevalent
conditions in sewer networks, these cellulose fibers typically enter WWTPs in suspended solids form.
Depending on the design of the wastewater treatment plant and process configuration, the cellulose
is either aerobically oxidized to CO,, used as a carbon source for denitrification, incorporated in
heterotrophic biomass or partly converted to biogas during anaerobic digestion. While there is no
consensus in the literature regarding the fate of cellulose during AD, it is generally accepted that long
solids retention times (SRT) are needed to convert most of the cellulose into biogas (i.e. above 40
days may greatly improve the degradation to over 80%). Such long SRTs are typically not applied nor
economically viable. Instead of burdening the biological processes during the secondary treatment
in WWTPs, toilet paper fibers could be physically recovered as a potential resource during primary
treatment (Li et al., 2020). The latter opens up opportunities for recovery of these fibres through solid-
liquid separation approaches. Within this context, the use of microsieves for cellulose recovery has
gained significant interest and has shown great practical potential. Microsieves such as rotating belt
filters (RBF) enable efficient separation of the cellulose fibers (as well as overall TSS) at high surface
loading rates and are regarded as an interesting alternative to traditional primary sedimentation as a
pre-treatment step prior to activated sludge processes (Ruiken et al., 2013).

8.3.1 Fundamental principles

The working principle of RBFs is based on physical separation through size exclusion. As a pre-
treatment step in municipal WWTP applications, commonly used mesh size ranges from 200 to
500 pm. It should be noted that this is not a strict design parameter and smaller or larger sizes can
be used as well (Behera et al., 2018; Palmieri et al., 2019; Rusten et al., 2017). In addition to the
microsieve’s mesh size, it is important to understand that the size exclusion principle imposed in RBFs
also relies on the effect of cake filtration, which allows the removal of solid particles up to three times
smaller than the nominal pore size of the filter mesh. The speed of the rotating belt can be adjusted to
the applied hydraulic surface loading and solids loading as a means to manipulate the cake thickness,
thereby changing the effective ‘operational pore size’ and thus the solids removal efficiency. Prior
to entering the RBF, municipal wastewater goes through a grit removal step, in which the easily
settable solids (larger solids) that may cause damage to the RBF as well as equipment and processess
further downstream at the WWTP are removed (e.g. sand and coarse grit material). The wastewater
in the RBF flows through the filter cloth and its particles create a ‘pre-coat’ on top of the filter cloth,
thereby reducing the effective pore size of the microsieve. The sievings filtered out of the wastewater
are typically pumped into a screw press where they are dewatered to a total solids (TS) content
of typically 40-50%. After dewatering, the sievings are subsequently dried to achieve a dry solids
content over 90% prior to being transported to a hammer mill for further processing and volarization.
The quality of the produced sievings can be determined based on various parameters such as ash
content, solids content, cellulose, and so on. In general, the sludge collected from an RBF treating
municipal wastewater contains a fraction of cellulose fibers as high as ~80-90% of the recovered
organic fraction (Behera ef al., 2018; Ruiken et al., 2013). A simplified schematic representation of the
working principle of an RBF unit is provided in Figure 8.1.

8.3.2 Applications and design
RBFs are considered a high-rate primary treatment process for the treatment of municipal wastewater
with typical surface loading rates of 100-200 m3/m?/h, offering a small-footprint alternative to primary
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Cellulosic
sievings

Figure 8.1 Simplified schematic representation of the working principle of microsieving, adapted from Salsnes
(Norway) filter product sheet.

settling (with surface loading rates in the order of 1.5-2.5 m3/m?/h) (Franchi and Santoro, 2015).
Interestingly, RBFs were initially developed in Norway as a mechanical low-footprint alternative to
primary settling to achieve high TSS and BOD removal due to the lack of space rather then being
developed with the aim of becoming a cellulose recovery approach. Importantly, in those days only
COD and TSS removal was required without nitrogen or phosphorous discharge limits being enforced
(Rusten and Odegaard, 2006). In addition, due to the low temperatures in Norway and its typical steep
sewers with low hydraulic retention times, hydrolysis of solids (and toilet paper) was limited, enabling
high TSS and COD removal efficiencies.

The selection of RBF technology over conventional primary clarification depends on several
factors such as carbon and energy footprints, plant capacity, primary effluent quality, influent SS
concentration, and selective particle size fractionation (Behera et al., 2018). An important advantage
of microsieves is their small footprint; for a given hydraulic load, they occupy less than 5% of the
footprint of conventional clarifiers (Palmieri et al., 2019). TSS removal/cellulose recovery and cellulose
purity depend on multiple operating conditions such as loading rate, sieving rate, water flow rate, fine
mesh size and influent wastewater constituents. RBFs are sometimes equipped with a cleaning system
made up of an air knife and compressed hot water to remove the residual sludge cake from the belt
(Da Ros et al., 2020). Important occupational health and safety (OH&S) concerns to consider are the
potential formation of dust and fire hazards during the drying step. Therefore, adequate ventilation
and the avoidance of any contact between the heaters and the cellulose are critical design criteria.
While important, these OH&S issues can be appropriately managed and should not be considered a
limiting factor.

It is important to highlight that the performance of RBFs in terms of removal efficiencies can
be highly site-specific and depends on the wastewater characteristics. For example, higher solids
concentration may lead to the formation of a thicker ‘filtering’ layer on the surface of the belt, thereby
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reducing the effective pore size and thus enhancing the TSS removal efficiency. The presence of
fibrous materials may lead to the formation of a thick and porous filtration layer that, in turn, also
enhances TSS and organics removal. One can appreciate that the site-specific nature means that pilot
scale testing is highly recommended at the target location prior to full-scale implementation in order
to accurately determine the expected process performance. Obviously, the latter is not possible in
greenfield applications and a performance assessment based on expected wastewater composition is
necessary.

In addition to the benefits of recovering cellulose, by decreasing the TSS and organic loading to the
subsequent activated sludge step for biological nutrient removal, the power consumption needed for
aeration in the WWTP can be significantly decreased (Franchi and Santoro, 2015). Another advantage
of cellulose removal prior to aerobic treatment is the increase in aerobic sludge age, thereby improving
the nitrification process by 10-15% (Rusten et al., 2016). The latter may be particular beneficial for
colder climates. Lastly, the organic carbon recovered by an RBF can be fed to an anaerobic digester,
contributing to a significant increase in biogas production (Behera et al., 2018). Obviously, the latter is
only possible in WWTPs that are equipped with an anerobic digester. It should also be noted that the
use of cellulose for bioenergy production is positioned at the bottom of the so-called ‘biomass value
pyramid’ (Gavrilescu, 2014). The biomass value pyramid is a concept specific to the bio-economy, in
which different biomass applications and sectors (such as food, chemicals, biofuels) are ranked in
terms of value added (Bout et al., 2019). Therefore, biogas production from recovered cellulose should
only be pursued if none of the aforementioned valorization alternatives is technically possible and/or
economically feasible. For instance, recovered cellulose can be refined and used as a raw material in
paper products (Kehrein et al., 2020), as fibrous reinforcement material in bricks (Kim et al., 2017),
as an adhesion binder for asphalts (Makron, Finland) or in various biocomposites together with (bio)
plastics such as PHA (Akyol et al., 2020). Alternatively, cellulose can be utilized to produce valuable
chemicals or biofuels, such as short-chain carboxylic acids (SCCAs, also referred to as volatile fatty
acids (VFA)), polylactic acid, and bioethanol (Crutchik et al., 2018; van der Hoek et al., 2015).

8.3.3 Successful case studies of implementation

The cellulose recovered from toilet paper in municipal wastewater has found its way to the market
through various technology providers of microsieves including Salsnes, Eco Mat RBF, Hydrotech
Beltfilters and CirTec. For instance, CirTec has developed a dedicated process called Cellvation® that
separates the cellulose from the incoming municipal wastewater, followed by a cleaning step that
allows the recovery of the cellulose fibers as a clean product commercialized under the name Recell®,
which can be used in various applications such as in asphalt, concrete, insulation material, and other
building materials (Palmieri et al., 2019). Within the EU Horizon 2020 SMART-Plant project, Recell®
was successfully used to produce a variety of biocomposites such as facade, compression-resistant
plates, and insulation flakes.

A simplified schematic representation of the overall Cellvation® process is presented in Figure 8.2.
Raw wastewater enters the treatment plant and flows through a coarse screen and grit that removes
large particles. After that, the Cellvation® process starts when the wastewater is pumped through a
grit chamber to remove the easily settleable solids. The remaining wastewater goes through a cellulose
washer that separates the cellulose fibres from larger particles and hairs. The influent wastewater is
then fed to an RBF which significantly improves the water quality and wastewater discharge options.
The filtrate is discharged and the solids are removed from the filter by means of a cleaning system that
uses air pressure at the end of the filtration area. The cellulosic fibres coming from the RBF are pre-
dewatered in a dewatering unit coupled to the filter and then are further dewatered by a CellPress. The
dry solids leaving the CellPress are hygienized, dried and polished to either fluff or pellets.

The Cellvation® was installed at the WWTP of Geestmerambacht of the Water Authority Hollands
Noorderkwartier located in the Netherlands (see Figure 8.3) with a capacity of up to 90 m3/h. The
medim-size plant treats a dry weather flow of 4160 m3/h and maximum flow of 16 300 m3/h and is
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Figure 8.2 Schematic diagram of the Cellvation® process. The Cellvation® process is demonstrated in the WWTP
Geestmerambacht within the H2020 SMART-Plant project.

a good example of cellulose recovery which harvests up to 400 kg cellulose per day. A Cellvation®
installation, among others consisting of a fine screen, is installed in the feed, and treats the screened
material. The screenings generally consist of fibres (80% of which are cellulose fibers), and remaining
portions of protein, fats and ash. The amount of sludge produced on site is reduced by 35% when using
the Cellvation® installation. The primary cellulose harvesting has a further impact on the overall
treatment train, such as reduction in aeration energy of up to 20%, reduction in sludge volume up to
10%, reduction in TSS in treated influent up to 55%, reduction in COD in treated influent up to 30%
as well as reduction of CO, footprint of up to 15% (http://www.smart-plant.eu/).

In what concerns process economics, the installation of a Cellvation® process at a small-to-
medium sized new plant (50 000 PE) is estimated to have an associated additional capital expenditure
(CAPEX) of €18/PE, albeit it decreases the operating expenditure in terms of aeration energy by
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Figure 8.3 An RBF system is demonstrated at the sewage treatment plant of Geestmerambacht (The Netherlands).

about 20% and also reduces excess sludge production, resulting in a cost saving of about €0.5/PE/
year. Besides the potential cost savings, the treatment capacity of an existing plant can be increased
due to the reduction in organics loading to the activated sludge tank. In addition to the energy savings
and increased treatment capacity, the reduction in the amount of sludge results not only in a lower
polyelectrolyte requirement during sludge dewatering, but it also substantially reduces the amount of
dewatered sludge to be disposed. The latter is estimated to result in substantial savings in the order
of €2.7/PE/year (highly site-specific and depending on location and ultimate disposal route). That, in
combination with an estimated revenue for high-quality recovered and cleaned cellulose (which has an
EPA rating of class A) valued at €265/ton, would lead to an estimated payback time of approximately
six years (SMART-Plant 2020a). It should be emphasized that the payback time highly depends on
the local situation, wastewater characteristics, WWTP size and potential revenues of the recovered
cellulose. As such, the value provided for the WWTP Geestmerambacht should only be seen as an
indicative pay back time. Nevertheless, it provides some indication of the economic competitiveness
of the use of microsieves for cellulose recovery. Moreover, many WWTPS are currently reaching
their capacity in terms of solids loading due to expansion of the sewer catchment. Especially in these
cases and where space is an issue, the retrofitting of existing plants with microsieves may provide an
interesting alternative due to their low footprint.

In the WWTP of Falconara Marittima (Ancona, Italy), a pilot-scale RBF recovered cellulosic sludge
from municipal wastewater at an influent flow rate of 15-78 m3/h (Palmieri ef al., 2019). Different
mesh sizes from 90 to 350 pm were tested in the pilot plant, and the recovered cellulosic material
reached concentrations up to ~27 g/m3 (average 15.9 + 10.1 g/m3%) with maximum solids removal of
74% at 90 pm. After the final washing, the cellulosic material composition was, on average: 9 + 1%
of lipids; 6 + 1% of ashes; 9 & 1% of hemicellulose; 38 & 6% of pure cellulose; 40 + 3% of lignin and
humic compounds; 0% of protein and other compounds. The recovered cellulose was then valorized
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as reinforcing components in building materials. The flexural strength in mortars was improved with
the addition of 20% of recovered cellulose fibers. Based on a feasibility study, it was estimated that a
WWTP with a capacity of 150 000 PE could potentially produce 305-1069 sacks per day of pre-mixed
mortar with 5-20% of recovered cellulosic fibers by volume, respectively. This amount corresponds to
an average production of a small-medium cementitious products company.

Similarly, a pilot-scale RBF installed at the Carbonera municipal WWTP (Treviso, Italy) produced
cellulosic sludge by the sieving of around 400 m3 wastewater/day. The microsieving was accomplished
through an RBF SF1000 (Salsnes Filter SA, Norway) with a flow capacity up to 15 L/s and a submerged
sieve cloth area of 0.24 m? using two mesh sizes (350 and 210 pm). The RBF removed approx. 44% of
TSS and 35% of COD. The cellulosic sludge had high content of cellulose (41% TS) and lignin (18%
TS), while lipids and proteins accounted for 9 and 13% of TS, respectively. The cellulosic sludge was
then utilized as a feedstock for the production of SCCA (see Chapter 7 for more detailed information
on SCCA production). By adjusting the pH of the fermentor to 9 before the feeding and operating
with a hydraulic retention time (HRT) of 6 days under mesophilic conditions, the system achieved
bio-based SCCA productivity of 2.57 kg COD/m3/day (Da Ros ef al., 2020). A first indicative economic
assessment of that particular pilot trial highlighted that the production of bio-based SCCA from
cellulosic primary sludge could be more profitable than its conversion to biogas.

A last case study to be considered is an RBF installed in the WWTP of Aarle-Rixtel, the
Netherlands (Ahmed et al., 2019). Without entering into the specific details of the case study, technical
specifications, and so on, this specific case study is worth mentioning to illustrate the impact of site-
specific conditions and their relation to the overall cellulose recovery potential and product quality
that can be achieved. The cellulose content in the RBF sludge was found to be only 35% of the
TSS (Ahmed et al., 2019), which is (much) lower than the cellulose content achieved elsewhere (i.e.
around 55-75%), significantly reducing product quality and potential for volarization of cellulose as
a marketable commodity. This highlights the importance of, and need for, site-specific pilot studies to
verify the practical feasiblity of RBF as a cellulose recovery and valorization approach.

8.4 CONCEPTUAL OVERVIEW OF POLYHYDROXYALKANOATES (PHA) PRODUCTION

PHA are microbial intracellular storage polymers that can serve as precursors of bioplastics. The
development of technologies to produce PHA as biopolymer precursors has been ongoing for decades,
but the high cost of PHA production using pure microbial cultures and refined feedstocks stands as
a major obstacle to broader PHA applications. In recent years, this problem has been approached by
using waste feedstock materials as carbon source, mixed microbial cultures (MMC) which do not
require aseptic conditions, and aqueous two-phase systems for purification and recovery to make PHA
production more economical (Pakalapati et al., 2018). Rapidly increasing population, urbanization,
and industrialization lead to the production of large quantities of sludge in WWTPs every year, making
it a readily available and more economical feedstock for bioplastic production compared to the typical
carbon sources used in commercial production (Bengtsson et al., 2008). Hence, PHA production
through MMC stands as a perfect example of resource recovery in WWTPs, combining conventional
municipal wastewater treatment with innovative advanced technologies. Biological treatment of
municipal wastewater and sludge management for recovering wastewater organic carbon as PHAs is
a route to transform the ‘treat and discharge’ approach into a biorefinery approach.

8.4.1 Fundamental principles

MMC present in wastewater sludge hold great potential for PHA production (Reddy et al., 2012).
Microbial species in the sludge, such as bacteria, yeasts, and fungi, naturally synthesize biopolymers
such as triacylglycerol (TAG), wax esters (WEs) or PHA in the presence of excess carbon source,
particularly when either nitrogen or phosphorus (or both) are limiting in the growth media (Kumar
et al., 2017, 2018). Bacteria are the major contributers to PHA storage in MMC PHA processes, and
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many bacterial genera commonly found in activated sludge have been identified as PHA-storing
microorganisms. This suggests that there is great potential for practical PHA production using activated
sludge-derived MMC. However, the productivity of the process can be substantially improved with an
enrichment step prior to accumulation. For example, PHA accumulation from acetate by activated
sludge taken from municipal WWTPs was reported to be between 45 and 67 wt% with fed-batch
feeding (Cavaillé et al., 2013), while activated sludge subjected to enrichment can accumulate PHA up
to 90 wt% from acetate (Johnson et al., 2009). PHA storing oragnisms in MMC need to be fed with a
feedstock rich in readily biodegradable organic matter, most preferably dominated by SCCAs, which
are readily convertible to PHA, to minimize the production of other products such as glycogen.

A PHA-production process from wastewater is, thus, composed of three steps (Figure 8.4): a first
anaerobic step, in which SCCAs are produced from wastewater or sludge (see Chapter 7 for more
information on their production from wastewater), a second step where the microbial community is
enriched in PHA storing organisms, and a final accumulation stage, using enriched biomass, where
PHA storage is maximized. The second and third steps are usually aerobic and are supplied with the
SCCAs produced in the first stage. Intracellular PHA needs to be then extracted and purified using
physico-chemical methods.

Typically, feast and famine conditions are alternated to achieve a good enrichment of PHA
accumulating organisms (Dionisi ef al., 2001). A relatively prolonged famine phase is necessary to
impose a limitation of internal growth factors (RNA, enzymes, etc.) on the organisms that are not
able to store PHA. In the subsequent feast phase, the uptake of carbon by these organisms will be
delayed, as they re-establish the level of growth factors necessary for regular metabolic activity. These
organisms will gradually be outcompeted by PHA-storers, which can remain active during the famine
phase. This selection approach is known as the feast-famine strategy or aerobic dynamic feeding
(Dionisi et al., 2001).

Scaling-up PHA production from waste streams still requires further research to become
economically feasible, which is currently the main challenge for the implementation of PHA production
from waste or wastewater at the industrial scale (Rodriguez-Perez et al., 2018). The selection of an
appropriate waste stream is critical to ensure an adequate and constant carbon supply and obtain
satisfactory recovery efficiencies. Recently, wastewater, cheese whey and organic wastes such as

Clarified effluent
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Figure 8.4 Three-step MMC process for PHA recovery: (1) acidogenic fermentation to obtain a SCCA-rich stream,
(2) a dedicated biomass production yielding MMCs enriched with PHA-storing potential, and (3) a PHA accumulation
step where (1) and (2) outputs are combined in a final biopolymer production bioprocess (modified from Valentino
etal., 2017).
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fruit and vegetable wastes, have gained great attention as carbon sources. Hence, the process can be
optimized in terms of the nutrient balance by combining two or more of these waste streams during
the integration of PHA production into WWTPs (Rodriguez-Perez et al., 2018).

8.4.2 Applications and design
PHA production from wastewater can be applied in different configurations, with the two most typical
being illustrated in Figure 8.5. An enrichment-based process (Figure 8.5, left) relies on the common
three-stage process detailed above. The configuration that relies on accumulation with sludge (Figure
8.5, right) skips step 2 associated with PHA biomass selection, using secondary WWTP sludge directly
in a fed-batch accumulation reactor, with fermented wastewater as the SCCA source. While higher
PHA contents (>80%) are potentially achievable in the enrichment-based process, the savings in
capital costs associated with the elimination of the selection reactor can be advantageous in certain
cases. In other situations, PHA selection can be combined with simultaneous side-stream treatment of
nitrogen and phosphorus, lowering the nutrient loading rate recycled back to the mainstream WWTP
following treatment of anaerobic digester supernatants (see section 8.4.3 for detailed case studies).
In the three-step process configuration, adequate PHA-storers selection is key for a productive
system. The feast and famine approach usually used as a microbial selection pressure is normally
established in sequencing batch reactors (SBRs), although it can also be imposed through a sequence
of two continuous reactors, one with carbon supply and another without (Albuquerque et al., 2010).
An effective selection of PHA storing biomass is accomplished when the feast/famine ratio is lower
than 0.2 min/min. Generally, the length of the feast phase increases at lower SRTs, as more substrate is
supplied per unit of biomass per cycle and the cultures do not increase their SCCA uptake rate (Johnson
et al. 2010). The SRT is also known to shape the selected microbial communities composition, which
can affect the overall performance of the process. SRTs ranging from 1 to 6 days have been typically
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Figure 8.5 Main processes for producing PHA using mixed cultures fed with organic acid from fermented waste-
based feedstocks. Left) PHA production based on biomass selection and enrichment; Right) PHA production from
VFA (volatile fatty acids, which are SCCA) using secondary sludge as PHA accumulation biomass.
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reported for PHA production from wastewater. Besides SRT, the organic loading rate (OLR) is a key
parameter influencing the performance of a MMC PHA process. It is normally desired to maximize
both the acidogenic and the selection reactor OLR. Higher OLR in the selection step normally leads
to higher volumetric productivities due to increased productivity of PHA-storing biomass. However,
above a certain OLR threshold, the process can either become inhibited or the feast phase be extended
to a point that the selection pressure is inefficient (Campanari et al., 2014; Carvalho et al., 2014;
Khatami et al., 2021). Other parameters that can impact the success of the PHA accumulation process
are pH, temperature, dissolved oxygen, cycle length and HRT (Kourmentza et al., 2017; Oehmen
et al., 2014, Wang et al., 2019). The decoupling of the nitrogen and the carbon sources is another
means to drive the enrichment in PHA-storing organisms. If there is no nitrogen available during
the feast phase, organisms can only take up and store carbon, which gives PHA-storers an additional
competitive advantage when nitrogen is supplied in the famine phase (Oliveira et al., 2017).

As outlined in Figure 8.4, the anaerobic fermentation of wastewater or sludge is of key importance
for generating the SCCAs necessary for PHA production. The SCCA spectrum also governs
the PHA monomeric composition, which in turn influences the properties of the PHA bioplastic
product. For instance, the fraction of polyhydroxybutyrate (PHB) and polyhydroxyvalerate (PHV)
are linearly dependent on the level of PHB (containing an even number of carbon atoms) and PHV
(odd carbon atoms) precursors produced through anaerobic fermentation (Albuquerque et al., 2007).
For example, both acetic and butyric acids correspond to PHB precursors and propionic and valeric
acids correspond to PHV precursors. Improved mechanical properties of the recovered polymer were
noted in co-polymers of PHB and PHYV, as opposed to PHB alone (Albuquerque ef al., 2011). These
properties included decreased stiffness and brittleness, increased flexibility, increased tensile strength
and toughness and a lower melting temperature that improved its processability. Thus, tuning the
anaerobic fermentation step towards production of a SCCA profile leading to a desirable PHB/PHV
fraction can have positive impacts on the PHA produced, where desired polymeric traits depend on
the intended final application.

A very important step for use of these polymers is the final extraction and purification process.
Several methods exist for extraction of PHA from the PHA-rich biomass produced. They are categorized
mainly in physical separation processes, cell lysis-based processes and solvent-based processes
(Pagliano et al., 2021). The choice of method is highly dependent on the type of PHA-rich biomass
produced. From waste-based feedstocks and mixed cultures, simple physical separation processes are
usually not suitable as most of the impurities are still present, although physical separation is often
applied in conjunction with cell lysis and solvent-based processes. Cell lysis-based techniques have
the advantage of lower investment costs and simplicity of operation but often lead to the production
of wastewater that requires additional treatment. Solvent-based methods are robust methods that can
handle variations of the PHA-rich biomass but have higher investment costs and are more complex
in operation. Therefore, the choice of method will depend on two main factors: type and variation of
PHA-rich biomass (e.g. PHA content, type of contaminants, microorganisms present) and the quality
requirements for the final PHA polymer (e.g. purity, molecular weight) (Ferndndez-Dacosta et al.,
2015; Samori et al., 2015). Cell lysis or solvent-based techniques are currently the most commonly
applied in downstream processing for PHA extraction from mixed cultures (Pagliano et al., 2021).
Some commonly applied examples include chlorinated compounds (such as sodium hypochlorite
(NaClO), chloroform (CHCI;), dichloromethane (CH,Cl,), and so on), alkali or acid treatment, and
surfactants (e.g. sodium dodecyl sulphate (SDS)). Typically this involves a series of steps based on
mixing in a tank with the PHA-rich biomass, followed by separation through centrifugation, filtration
or hydrocyclonation and a final drying step (Ferndndez-Dacosta et al., 2015; Samori et al., 2015). A
similar post-treatment stage to remove contaminants may also be necessary. Some key process factors
requiring optimization and control include the temperature, as heating and cooling steps can also be
required during downstream processing, retention time in the process tanks combining the biomass
and key active ingredients, as well as process conditions specific to the separation and drying stages.
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Table 8.2 Market possibilities and features of recovered PHA.

Features Industrial use Quality indicators Price range Reference
Biocompatible + Material industry  + Purity 2.2-5.0 €/kg Anjum et al. (2016),
- Biodegradable (packaging, paper + Toxicity Mozejko-Ciesielska
Non-toxic coating etc.) +  Chemical and Kiewisz (2016),
Appropriate mechanical, + Fuel industry constituents Valentino ef al.
thermal, physical properties (biofuels additives) « Blending (2017)
Easy surface modification =+ Industrial
Noncarcinogenic microbiology

The multiple stages that are often required to achieve high PHA recovery and purity represent a
significant cost to the overall process.

The utilization of wastewater for the synthesis of PHAs can lead to production of a value-added
compound; however, the final product quality and application will be dependent on the source of
SCCA and the potential presence of contaminants. For instance it is unlikely that PHA obtained from
wastewater could be used in medical applications where high purity products with a non-toxic nature
are of utmost consideration (Raza ef al., 2018). Possible market alternatives and features for recovered
PHA are summarized in Table 8.2.

8.4.3 Case studies

Two case studies will be discussed here, the first will focus on an enrichment-based process integrated
with side-stream wastewater treatment, while the second deals with a system that uses sludge as
source of microorganisms for accumulation.

First, the side-stream Short-Cut Enhanced Phosphorus and PHA Recovery (SCEPPHAR) process
offers recovery of both PHA and struvite, efficient nitrogen removal via nitrite from the anaerobic
supernatant and reduction of sludge volume, offsetting disposal costs (Figure 8.6). It consists of: (i)
(alkaline) fermentation of sewage sludge (pH 6-10) and/or cellulosic sludge to enhance the production
of selected SCCA (e.g. propionic acid first) and release nitrogen and phosphorus in soluble forms
(ammonia and phosphate); (ii) solid and liquid separation of the fermentation products and recovery
of struvite from the sewage sludge fermentation liquid (SFL) by the addition of Mg(OH), to favor
the precipitation in a crystallizer reactor; (iii) sequential nitritation of the sludge reject water; (iv)
selection of PHA storing biomass in a SBR by the alternation of aerobic-feast and anoxic-famine
conditions for denitritation driven by internally stored PHA as carbon source; (v) PHA production in
a fed-batch reactor to accumulate the intracellular PHA content in the selected biomass using SFL.

In SCEPPHAR, the anaerobic supernatant of an anaerobic digester is fed into the nitritation SBR
and then, after nitritation, its effluent (nitrified supernatant) is discharged into a storage tank. Nitrite
is later used as electron acceptor by the PHA storing biomass in the selection SBR. PHA-accumulating
biomass selection is essential to obtain a microbial community capable of synthesizing and hyper-
accumulating PHAs and at the same time, removing nitrogen via nitrite. To achieve this result,
biomass is subjected to feast and famine conditions under aerobic and anoxic conditions, respectively.
During the feast phase, PHA are synthetized and accumulated by the biomass as internal carbon
storage, while under famine conditions nitrite is used as electron acceptor for internal carbon (PHA)
degradation under anoxic conditions, thus promoting the microbial growth of denitrifiers and PHA
storing organisms without aeration input in the famine period. Aerobic conditions in such processes
are known to be energy-intensive; it is estimated that approximately 39 MJ are needed to produce
1 kg of PHA via traditional aerobic accumulation processes (Frison et al., 2015), thus presenting an
advantage for the SCEPPHAR process. The accumulation SBR allows maximum PHA storage to be
reached (PHA yields ranging between 0.58 and 0.61 g COD;,;,/g CODyp) (Conca et al., 2020), and
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Figure 8.6 Schematic diagram of the side-stream SCEPPHAR process. The side-stream SCEPPHAR process was
demonstrated in the WWTP of Carbonera (Italy) within the H2020 SMART-Plant project.

high rates under feast conditions, during which aeration is controlled based on the DO (e.g. 2 mgO,/L)
and pH (e.g. >7.5) profiles. The carbon source is intermittently supplied to the aerobic accumulation
SBR for a total batch length of between 4 and 6 hours; at the end of the PHA accumulation step,
biomass activity is interrupted through the dosage of a quencher (e.g. sulfuric acid) to cease biological
activity and prevent PHA degradation. PHA is obtained as PHA rich sludge, where up to 50% of
PHA (PHB + PHV) is accumulated in the bacterial cells. From an operational point of view, side-
stream SCEPPHAR provides several advantages, such as: (i) a short start-up period; (ii) high stability
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of the process under transient conditions; (iii) self-management of the bioprocesses; (iv) simplified
operations through on-line monitoring; (v) real time process control based on indirect parameters;
and (vi) possibility to switch between PHA production and sole nitrogen removal from reject water
via-nitrite.

The side-stream SCEPPHAR process was demonstrated in the Carbonera WWTP (as part of the
SMART-Plant project), in a pilot installation that treated 4-5 m3 of sludge liquor per day. The process
achieved up to 85% N removal and enabled the recovery of phosphorus as struvite, in addition to
producing PHA-rich sludge. The carbon source for optimized biopolymer production was produced
on-site by fermentation of cellulosic sludge captured using an RBF (sieving of around 400 m3/day of
municipal wastewater, and an acidogenic fermentation unit with a working volume of 2.6 m3 for the
production of SCCA). SRT and HRT were maintained as 6-7 and around 2 days, respectively. Average
PHA yields of 0.58-0.61 gCOD,,/gCODgc, Were obtained, while the maximum PHA production was
up to 1.2 kgPHA/PE/y when treating solely municipal wastewater (Conca et al., 2020). In addition,
this process decreased the energy costs for side-stream treatment by up to 20%. The recovered struvite
can be used as P-based fertilizer while the PHA, which achieved a content in the biomass up to 50%
on a dry weight basis, was studied for use in flame retardant formulations for building materials.
On-site extraction of PHA was not deemed sustainable in the short term in terms of CAPEX & OPEX
(around 1.5 €/kg), as the payoff time was too long. In a scenario where the side-stream SCEPPHAR
is installed in an existing plant with a size of 50 000 PE and PHA is not extracted but bio-composites
are produced directly from the PHA-rich sludge and sold for 1000€/ton, the additional CAPEX would
be €6/PE (€ 300 000) and OPEX savings would range from €0 to €3.7/PE/y, depending on the cost
of sludge disposal. The income from PHA sales would represent a maximum of €2/PE/y, while the
savings of sludge treatment could be as high as €3.85/PE/y. All together this would result in a short
payoff time, that is less than two years. In case PHA-rich biomass is not accepted by the market, PHA-
rich sludge could be sent to an already existing anaerobic digester to generate electricity, further sold
in the market for €0.10/kWh, where the income from the sale of electricity would be €0.12/PE/y,
whilst the OPEX savings could be as high as €1.2/PE/y. In this scenario, the payoff time would still
be lower than five years.

Implementing a side-stream SCEPPHAR system for wastewater treatment can also have a positive
impact on the net energy balance of the entire plant, although this depends on the valorization
route for the PHA-rich sludge. For instance, PHA valorization for biogas production on-site would
reduce net energy demand by -15%, mainly by generating additional electricity from the biogas. The
drying of dewatered PHA sludge and its direct use bio-composite production would reduce the net
energy demand by -18%. The chemical extraction of PHA and production of a purified PHA powder
is not beneficial for energy balance, increasing the net energy demand by +6%. For this route, the
requirement of chemicals for PHA extraction, and especially the energy required for treatment of the
liquid waste (basically dissolved excess sludge), would be substantial and off-set all credits for PHA
use downstream. Additional electricity required for the process (+15-18%) is mostly compensated
by savings in coagulation chemicals, which are not required with the bio-P removal of SCEPPHAR.
However, on the downside, the SCEPPHAR process can increase net GHG emissions, mainly due to
the predicted higher N,O emissions (+33%) in the heterotrophic and autotrophic SBR compared to a
conventional activated sludge process (SMART-Plant, 2020b).

As a side-note, similar enrichment-based approaches have been tested at larger scale. A pilot
project at Brussels-North WWTP by Aquiris (a subsidiary of Veolia Water) demonstrated the technical
feasibility of producing biomass with elevated PHA-accumulation potential from municipal wastewater
treatment and fermented waste sludge as feedstock for PHA accumulation (Morgan-Sagastume ef al.,
2016). The main features of the Brussels-North system were: Sludge fermentation at 42°C, pH = 5.5-
6.5; Ysccavs =270 =30 g COD(SCCA)/g VS; 12 cycles per day; Feast/Famine 15/85%; OLR = 3 kg
COD/m? d; SRT = 1-2 days; Final PHA content = 34% (gPHA/gVSS); Overall PHA accumulation
rate = 0.07 g COD(PHA)/g COD,¢yeq- (Morgan-Sagastume et al., 2014). Following the same process
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concept, another pilot-scale prototype comprising biomass production from wastewater treatment and
accumulation of PHA in the surplus biomass was installed at the demonstration site at Leeuwarden
WWTP in Friesland (Bengtsson et al., 2017). The treatment of wastewater and biomass production
with PHA accumulation was conducted in one or two SBRs. Pre-denitrification and nitrification was
carried out in the first SBR throughout the entire operational period under anoxic feast and aerobic
famine conditions, then the first SBR was combined with the second SBR operated under anoxic
conditions to achieve further N removal by post-denitrification. In the end, 83% COD and 80% N
removal, as well as PHA accumulation up to 49% PHA of VSS with acetic acid or fermented organic
residues as substrates, were achieved.

A second potential configuration for PHA production from sewage sludge was initially investigated
by Dutch water utilites and other partners like Anox Kaldnes (Veola Water Technologies AB) within
the PHARIO project. PHARIO was centred on processing surplus biomass from Dutch full-scale
municipal WWTPs in the Netherlands to produce PHA biopolymers. The process steps involved in
the PHARIO project consisted of the harvesting of secondary sludge as functional biomass (inoculum)
able to produce PHA from SCCA-rich streams, obtained from either fermented organic waste, primary
sludge or other sources (Figure 8.7). In the PHARIO concept PHA polymers are recovered via solvent
extraction (using acetone) (Werker et al., 2015).

The results of the PHARIO project revealed a PHA rich biomass with on average 0.41 g PHA/gVSS,
with reproducible thermal properties and high thermal stability. As the main output of the project,
Veolia Water Technologies developed basic engineering designs for a full-scale commercial plant with
a production capacity of 2000 ton PHA per year. The results indicated that building the first full scale
plant would require around 13 M€ of initial investment for the facilities and another 4 M€ to cover
the operational costs for a period of three years. Based on the economic evaluation, PHA could be
produced at a price of 4.5€/kg, thus generating a net profit of 1.1€/kg PHA, or 5.5 M€/year. The cost
analysis concluded that the produced PHA had a competitive price compared to commercial products

Municipal
wastewater Sludge
treatment incineration
(PE2)

Organic
waste Fatty acids PHA
production accumulation exctraction

(PE1) (PE3) (PE4)

Fatty acids

Figure 8.7 Process steps involved in the PHARIO project for PHA production from secondary sludge and organic
waste as carbon source (STOWA, 2017).
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and could be used as a green alternative in the manufacturing industry (Mannina et al., 2020; Werker
et al., 2018). The construction of a demo-scale installation for the production of PHBV has just started
in September 2020 in the Netherlands, and is expected to be operational by the end of 2021.

8.5 CHALLENGES, OPPORTUNITIES, AND RESEARCH NEEDS

There are a wide variety of possible alternatives for organic resource recovery from municipal
wastewater, and the technical options are growing even in terms of demonstration in the operational
environment. However, technical, social and legislation barriers remain and should be addressed
by further research and innovative solutions to make and replicate business cases for resource
recovery.

From a technical point of view, organic resource recovery technologies should be able to provide
materials with high technical quality and stability that can be used in new or conventional industrial
or consumer products. The novel technologies should be able to integrate existing infrastructure and
allow for a smooth transition from WWTPs to resource recovery facilities. Water utility operators
should have the technical skills to integrate and successfully run the resource recovery systems. From
the economic and market point of view, cost should be calculated in a holistic manner, considering
not only technical costs, but also social aspects, organizational strength, and institutional support.
This approach can easily help to better understand the specific market potential of each recovered
material.

Resource security should prioritize targeted recovery, and future research should support decisions
about policy integration and regulatory change that must be addressed at international, national, and
local scales. The major challenge to the overall resource recovery platform is public acceptance, since
most of the recovered compounds are still labeled as wastes. The contamination risks associated
with pathogens, chemicals, metabolites, and so on. concern society. Thus, new approaches should be
developed to change general public opinion to support more sustainable management systems within
circular economy frameworks. The communication problem can be overcome by a well-planned
strategy focused on the most applicable technologies and geographical features, as well as cultural
habits and sensitivities. Another important issue concerns improving markets for the recovered
materials. This can be achieved by closing the gap between actual and potential recovery rates, which
will directly affect the market price since improved recovery rates can lower the price.

In general, the bottlenecks of organic resource recovery in a WWTP are related to economics and
value chain development, environment and health, and society and policy issues.

8.5.1 Cellulose
The implementation of a cellulose recovery process has the potential to reduce the net environmental
impact of a conventional WWTP significantly, although to date there are no quantitative indications of
the potential GHG emission reduction. Overall, the net energy demand of the system can decrease by
4-23% depending on the efficiency of cellulose removal in the process, while the net GHG emissions
can be reduced by 2-19%. The further implementation of this technology (either by the retroffiting
existing facilities or in new designs) should provide more real data to support the anticipated benefits
of cellulose recovery, strengthening the business case for its implementation.

Beyond the benefits linked to energy and GHG emissions reduction, cellulose recovery can yield
a product. The properties of the recovered cellulosic materials vary depending on the characteristics
of the raw wastewater as well as to the design and operating parameters of the processes along the
treatment line. The selected end-use of a certain cellulosic material dictates the product requirements,
in turn determining the process design and operational conditions to be applied (Keijsers et al.,
2013). Public acceptance is not often easy for toilet-paper production from recovered cellulose, but
valorization of cellulosic sludge via bio-drying and use as as feedstock for SCCA production or biofuel
can generate additional credits in avoided energy demand and related GHG emissions.
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8.5.2 PHA

While the first commercial full-scale process to produce PHA is currently being constructed with the
PHARIO configuration, upscaling of the 3-step configuration is also taking place. In this case, the most
critical upstream process factor that requires optimization is the overall process productivity, which
depends on the PHA yield and on the PHA content in the biomass. A recent pilot study integrated
multiple strategies that had been developed separately for different points of the 3-step process,
attaining global productivities above 8 gPHA/L.d (Matos et al., 2021). Based on this unprecedented
PHA productivity from real feedstocks, the 3-stage configuration could become more competitive and
be taken to the commercial scale in the near future.

In addition to productivity, the long-term stability of the process is another point where further
research is needed for implementation of MMC PHA production from wastewater. The functional
redundancy of multiple microbial populations within the MMC is one of the positive aspects of
this technology with respect to pure cultures (Carvalho et al., 2018). However, future research
should validate the resiliency of enriched PHA-storing communities under the variable conditions
of flow rate and influent composition that is typical of WWTPs. Moreover, stability relates not
only to the productivity but also to the polymer characteristics (Werker et al., 2018). Methods
for achieving a stable PHA biopolymer product in terms of quantity and composition would aid
downstream processing, and can be challenging with mixed cultures subject to dynamics in
wastewater composition.

The economic viability of retrofitting existing WWTPs to produce PHA has been recently
evaluated in a study comparing both large (>3 M PE) and small (50 k PE) sized plants. The final
production cost of crude PHA (i.e. excluding downstream extraction) was found to be viable in both
scenarios, in the range of 1.26-2.26 US$/kg PHA-crude for the large and small WWTP, respectively
(Crutchik et al., 2020). Despite the progress attained in the efficiency of the production step, current
production costs are not yet competitive compared to conventional plastics, with the cost of recovery
and purification currently being the critical bottleneck (Kehrein et al., 2020). Indeed, the cost of
downstream processing has been recognized as a major challenge for PHA recovery, and avoiding the
use of harmful chlorinated solvents would also simplify the process for wastewater treatment plant
operators, reducing the risk associated with hazardous materials. An alkali/surfactant based process
has been shown to be more cost effective (1.40 €/kg PHB recovered) with reduced global warming
potential (2.4 kg CO,-eq/kg PHB) as compared to a solvent-based process (1.95 €/kg PHB, 4.30 kg
CO,-eq/kg PHB) (Fernandez-Dacosta et al., 2015), where the trade-off is typically reduced purity as
compared to solvents (Pagliano ef al., 2021). Focussing on final applications necessitating low purity
would be beneficial for PHA produced from wastewater, and would facilitate its integration into
wastewater treatment plants. Simplification of downstream process flowsheets containing numerous
stages also requires further study. The elimination of unit processes during downstream processing
would further reduce the costs, increasing its economic viability.

8.6 CHAPTER SUMMARY

This chapter summarizes some of the emerging technologies for the recovery and valorization of
organics in WWTPs. The main organic products that can be recovered/produced from municipal
wastewater in WWTPs are cellulose and PHA. Cellulosic primary sludge, mostly generated from the
flushing of toilet papers, can be efficiently utilized to recover cellulose or follow other pathways for
the valorization of cellulose and separated organics. Recovered cellulose can be further processed and
used as a starting material for SCCA or bioplastic production. Meanwhile, PHA recovery from sewage
is another important technology since PHAs have comparable properties to petrochemical plastics.
Producing PHA from sewage could provide a cost-competitive route for their production, although
further research is needed to strengthen the economic business case of this organics valorization
route.
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8.7 EXERCISES

Exercise 8.1: A centralized municipal wastewater treatment plant services a city of 750 000 inhabitant
equivalents. In order to improve the sustainability of urban wastewater management of the city, the
city council has raised the recovery of cellulose from municipal wastewater through micro-sieves
as one of the priority resources. Based on a toilet paper usage of 10 kg toilet paper/person/year (i.e.
typical consumption in Western European countries):

(@) Calculate the amount of cellulose that can be recovered at the WWTP on a daily and annual
basis at a practical relevant cellulose recovery efficiency of a micro-sieve unit of 80%.

(b) Calculate the theoretical amount of methane (in m3) that can be generated from the amount of
cellulose embedded in the wastewater matrix when not being recovered as cellulose but being
fed to an anaerobic digestion. Assume that the COD content of cellulose is equal to 1.1 g COD/
gram cellulose, that the cellulose can be fully degraded during mesophilic anaerobic digestion,
and that 0.5 m3 methane are produced per kg of COD converted.

(c) Assuming that 1 m? of biogas is equivalent to 6.27 kWh, that the conversion of methane to
electricity in a CHP unit is 40% and the electricity consumption of a household of four people is
20 kWh/day, how many households can theoretically be powered from the produced electricity
from the anaerobic digestion of cellulose.

Exercise 8.2: In various regions in the world existing WWTPs in urban areas are reaching their
maximum capacity in terms of solids and COD load due to the increase in population growth within
the catchment area of the WWTP during the last decade(s). Some of these WWTPs have serious
constraints in terms of available land for extension of the WWTP. In this context, beyond the context of
the importance of resource recovery, the implementation of micro-sieves can be of particular interest.

(@) Based on typical surface loading rates for primary settling tanks and micro-sieves of 1.5-2.5
and 100 m3/m?/hour, respectively, calculate the footprint of primary settling and micro-sieve
for a WWTP with a capacity of 500 000 PE. Assume a wastewater production of 120 L/PE/d.

(b) Based on your answer in (a), what is the percentage in land space saving that can be achieved?

(c) Compare this with the overall size of a typical WWTP (tip: use google earth for an aerial shot
of a WWTP near to where your life).

Exercise 8.3: The Canadian city of Halifax is building an activated sludge system at its main
wastewater treatment plant that services 170 000 PE. Two resource recovery strategies are considered
for the sludge produced from this treatment facility. The first consists of one-stage anaerobic digestion
for methane recovery from biogas and the other is polyhydroxyalkanoate (PHA) recovery through
a 3-stage process. The 3-stage PHA process consists of: (1) anaerobic sludge fermentation to SCCA;
(2) aerobic culture selection through a feast/famine process fed with the effluent of (1); and (3) PHA
accumulation from the selected culture in (2) using the effluent of (1). Assume standard (i.e. Table 8.1)
wastewater flows and characteristics and that 80 gVSS of sludge are produced per m3 of wastewater
treated by the facility. Considering that the value of PHA is $3.5/kg and that the value of methane is
$0.4/m3, where 1 m3 of biogas (with a methane content of 65%) is produced per kg of VSS, while 0.1 kg
of PHA are produced per kg of VSS in the 3-stage process:

(@) Determine the relative value of the sludge stream using either the PHA recovery or biogas
recovery strategy.

(b) Discuss the key factors impacting the capital and operational expenditures associated with
biogas or PHA production. Which process is likely to incur higher production costs? Why?
What would you consider to be the key points impacting your decision on the process to be
implemented?

Exercise 8.4: Contrary to popular belief, a large fraction of the COD load entering WWTPs is in
the form of toilet paper, depending on the region in the world. For example, the amount in South
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American countries is typically much lower as it is often prohibited to flush toilet paper in the toilets
as the sewer pipes in the building are not designed for this and as such need to be collected separately
in a bin. Let us consider USA, with a consumption of toilet paper of 12.7 kg/person/year:

(a) Calculate the concentration of cellulose based COD assuming a daily water consumption of
200 L/per person per day.

(b) Determine the fraction of COD_yu0se/COD,ar @assuming a typical municipal wastewater
composition.

Exercise 8.5: In various places in the world, the excess waste activated sludge after dewatering is
being transported to landfills for ultimate disposal. Moreover, not all WWTPs have implemented
primary settling as a pre-treatment step, as such, in a typical biological nitrogen removal (or biological
P removal) configuration all incoming cellulose enters the activated sludge tanks. According to the
Foundation for Applied Water Research (STOWA), depending on the WWTP configuration and local
conditions (e.g. wastewater composition, local climate, industrial activities in sewer catchment), about
30-70% of the cellulose is being aerobically converted with an accompanying biomass yield of 0.3 kg
sludge/kg COD removed. Assume an annual toilet paper usage of 10 kg/PE, 70% aerobic degradation of
cellulose, with a COD of 1.1 kg COD/kg cellulose, consider that 0.44 kg O, are needed for degradation
of 1 kg of COD, a power consumption for aeration of 2.5 kg O,/kWh for bubble aeration. Based on
the above:

(@) Calculate the energy savings that can be achieved for a WWTP with a capacity of 100 000 PE
by implementing microsieves as a pre-treatment step.

(b) Calculate the fraction of the incoming toilet paper that ultimately ends up in landfill (in case
this is the ultimate disposal route) in case there is no primary treatment.

Exercise 8.6: A pilot-scale WWTP is designed to a fully integrated process to valorize the harvested
screenings from municipal wastewater and to produce pure marketable cellulose. In this regard, the
plant is equipped with an RBF for enhanced TSS separation and further cellulose recovery. Together
with solids, cellulose fibers are separated with RBF and thus recovered. The RBF system works at a
flowrate of 30 m3/d. Calculate the maximum cellulose recovery yield considering that:

(1) The sludge production after 5 hours is 24 kg.

(2) The % of TS is 20%.

(3) The percentage of pure cellulose in the sludge, after a post-treatment of sludge washing (to
concentrate the amount of fibers), is 35% of the cellulosic material.

(4) The specific recovery yield of the cellulosic material in terms of g VS after washing to g TS
initially recovered in the sludge is 0.88 gVS/gTS.

Exercise 8.7: A given wastewater contains 50 g soluble COD/L, of which 30% are carbohydrates.
Assuming that all fermentable fractions of carbohydrates are converted to acetic acid and butyric
acid, to be used as substrate for PHA production, what would be their final concentrations in solution,
both in g/L and in g COD/L. Assume that all carbohydrates are glucose, and the stochiometries are
as given in Chapter 7.

Exercise 8.8: The PHA polymeric properties are strongly influenced by the relative PHB vs PHV fractions.
Typically, acetate and butyrate are precursors for PHB production, while propionate and valerate are
precursors of PHV production. Assuming that the PHB and PHV content are linearly related to the
quantity of their SCCA precursors (on a mass basis) produced during acidogenic fermentation, calculate
the relative fraction of PHB and PHV produced for the case of an acidogenic feedstock containing 4.1 g/L
acetate, 1.6 g/L propionate, 1.1 g/L butyrate and 0.6 g/L valerate. Assume a constant yield coefficient
of 0.7 gPHA/gSCCA for each SCCA, while all acetate and propionate are completely consumed by the
PHA producing culture, and 85% of the butyrate and valerate are consumed.
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Exercise 8.9: SCCA are an excellent feedstock for PHA bioplastic production. Considering the supply
chain for PHA production, approximately how much organic waste (in COD) would be needed to
make an industrially-relevant 5000 tonnes PHA per year. Assume an SCCA yield of 0.34 gCODgcs/
gCODy,,, an overall PHA yield of 0.5 g biomass/gCODgcc,, a PHA content of 70% and a total extraction
efficiency of 63%.

Exercise 8.10: A WWTP with a capacity of 80 000 PE produces around 60 gTS/PE d with a VS/TS
ratio of 78%. All the produced sludge is fermented to produce SCCA with an observed fermentation
yield of 0.21 gCODgcca/gVSieq- The SCCA-rich stream (7500 mgCODgcc,/L) is then used for PHA
production with anaerobic feast/famine process. The PHA-production line is composed of two
different SBRs reactors:

(@) Selection reactor (S-SBR);
(b) Accumulation reactor (A-SBR).

A vOLR of 4.0 kgCODgc,/m? d is applied to the S-SBR, which is operated at a feast/famine ratio of
0.1 min/min. The Yy, under feast conditions is 0.71 gCODyy;,/gCODgcca, While the Y, is 0.33 gXa/
gCODyy,. The SRT is set at 2.5 days and the SBR works with 3.5 cycles per day. The excess sludge
produced from the S-SBR is then fed to the A-SBR for the accumulation test to maximize PHA
production.

In the A-SBR, the SCCA-rich stream is added seven times (once per hour) to achieve an initial COD
concentration of around 1 gCODgc,/L. The volume of each addition is 0.56 m3. The PHA yield is
about 0.58 gCODypp,/gCODgc, and the growth yield is 0.24 gXa/ gCODgcca.

Conversion factor for PHA: 1.67 gCOD/gPHA

Influent
_—
80000PE/d

Effluent

Biological nutrients removal

WAS Return activated sludge (RAS)

Mixed |
and Il sludge

60gTS/PEd
VS/TS=78%

Fermenter VFA-rich stream % COD=? %COD=?

Yyra=0.21gCODy;,/8VS

Selection SBR A-SBR
(S-SBR)

VOLR=4kgCODys/m3 d Yobs=0,24gXa/gCODvfa
Feast/famine=0.1 min/min yPHA=0,58gCODpha/gCODvfa

Yobs=0.33gXa/gCODys
PHA

Ypualfeast)=0.71gCOD/gCOD

HRT=SRT=2.5d

3.5 cycles/d
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Calculate:

(1) The daily SCCA amount produced from the whole WWTP;

(2) The length of both the SBR cycle and feast/famine of the S-SBR,;

(3) The volume of the S-SBR to sustain a production of 10 kgPHA/d, assuming a PHA content in
the biomass of 40% (gPHA/gTS);

(4) The biomass concentration of S-SBR;

(5) The flowrate of carbon source to S-SBR and A-SBR, respectively (for the production of
10 kg PHA);

(6) The volume of the A-SBR (considering seven carbon source additions);

(7) The maximum annual PHA production potential of the whole WWTP.

8.8 DISCUSSION QUESTIONS

Question 8.1 (fechnology and economy): As the innovation manager of a large water utility, you are in
charge of reorganizing the existing water infrastructure from its current situation to a more circular
approach within a timeframe of 25 years. The current wastewater treatment infrastructure comprises
three large-scale wastewater treatment plants with capacities in the order of 500 000 PE each. In
addition, it comprises more than 20 small scale WWTPs with a capacity of around 10 000 PE. You
are asked to give a presentation to the board of directors in which you evaluate the current status and
justify your masterplan. Where would you focus on in terms chosen technology, location (i.e. which
WWTP to focus on) and which resources discussed in this chapter would you target? What are your
key considerations/motivations?

Question 8.2 (social license to operate, risks and market analysis): A wastewater utility operating
a WWTP with a capacity of 1 000 000 PE is ending its service life. Assume a hypothetical situation
in which the WWTP will be completely rebuilt from scratch and you are the business development
manager of the wastewater utility in charge of selecting the most appropriate resource to recover.
You are asked to give a presentation to the board of directors in which you evaluate the economic
potential of the recovery of cellulose, SCCA or energy recovery through anaerobic digestion. Based on
your assessment, from an economic perspective, recovery of cellulose is the most promising followed
by SCCA recovery. Nevertheless, in your presentation to the board of directors you recommended the
implementation of an anaerobic digester for the production of biogas. Discuss what the key criteria
and considerations the business development manager most likely considered as critical?

Question 8.3 (market analysis, risks and economy-of-scale): In developed countries, the wastewater
infrastructure is aging and would require major upgrades in the coming decades. In less developed
countries and emerging economies a significant amount of new infrastructure will need to be realized
in the coming decades. Considering the above, there is an ongoing debate regarding how our future
urban waster infrastructure will look like, that is more centralized or more modular and decentralized.
Evaluate the general characteristics of centralized and decentralized systems and provide advantages
and disadvantages for each of these scenarios in the context of cellulose and PHA recovery, taking
into account economy of scale, practical feasibility and maintenance, monitoring and quality control
and market requirements of the two resources.

Question 8.4 (product quality, chemical industry and economy-of-scale): Plastics are currently
produced from oil and other fossile resources. PHA could be one biodegradable alternative to replace
them. Considering that petrochemical plastic production can ensure large scale manufacturing at
constant quality, discuss the potential impact of the latter in terms of market potential for PHA. In
your answer, include the following aspects: (i) quality and quantity aspects; (ii) logistics (i.e. means of
storage, transportation and distribution); and (iii) ultimate end-user.
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Question 8.5 (process performance, capital costs): The implementation of new resource recovery
schemes and technologies is (partly) dependent on their capital and operational costs and the return
on investment period. What are the key operational factors that affect the CAPEX and OPEX of
cellulose recovery and PHA production, respectively, and how do they affect the process economics.

Question 8.6 (design considerations, process stability, robustness and operator confidence): Discuss
the potential advantages and/or disadvantages of cellulose recovery and PHA production from a
process stability/robustness and wastewater operator confidence and overall willingness of wastewater
treatment operators to introduce these recovery approaches.

Question 8.7 (economic considerations, market demands, decision-making): You are the Innovation
Manager of a large wastewater utility that needs to prioritize the resources to be recovered from your
largest wastewater treatment facilities. The resources discussed in this chapter (i.e. cellulose and
PHA) cannot be recovered simultaneously. Which of the two would be your priority as an innovation
manager? Justify your choice.

Question 8.8 (social license to operate, reduce not recover): According to the waste management
hierarchy, prevention and reduction of the use of resource are more favorable options compered to
resource recovery. Within this context, discuss options to prevent the use of toilet paper and its
potential impact on municipal wastewater treatment. Also, discuss the importance of social acceptance
of finding alternatives for the use of toilet paper. In your discussion, specifically mention the situation
in Japan (and other Asian countries).

Question 8.9 (process stability, robustness and operator confidence): Only in recent years has the
recovery of cellulose gained a lot of interest. However, the use of micro-sieves as a pre-treatment step for
the removal of suspended solids from municipal wastewater were developed and implemented in Norway
as a means to comply with EU regulation with respect to the removal of suspended solids during primary
treatment rather than being developed with the purpose of recovering cellulose. The practical feasibility
of microsieves as a viable alternative technology for pre-treatment of municipal wastewater treatment
was thus already demonstrated prior to discovering its additional benefits of enabling the recovery of
cellulose. Discuss the importance of the latter in the context of market uptake and replication.

Question 8.10 (public acceptance and market uptake): One of the biggest challenges of resource
recovery is to develop new markets and applications for the recovered products. Changing the opinion
and practices of stakeholders is an important component of the resource recovery concept. Producers
need to rethink the composition and design of their products with respect to the targeted information
as well as to the stakeholders’ involvement. What is the importance and influence of stakeholders and/
or policymakers on helping/hampering the development of markets for recovered organics materials?

FURTHER READING MATERIALS

Lema, J. M. and Suarez, S. (eds), Innovative Wastewater Treatment & Resource Recovery Technologies: Impacts on
Energy, Economy and Environment. IWA Publishing, London, UK. https://doi.org/10.2166/9781780407876

Puyol, D., Batsone, D. J., Hiilsen, T., Astals, S., Peces, M. and Kromer, J. O. (2017). Resource recovery from
wastewater by biological technologies: Opportunities, challenges, and prospects. Frontiers in Microbiology,
7, 1-23. https://doi.org/10.3389/fmicb.2016.02106

REFERENCES

Ahmed A. S., Bahreini G., Ho D., Sridhar G., Gupta M., Wessels C., Marcelis P., Elbeshbishy E., Rosso D., Santoro
D. and Nakhla G. (2019). Fate of cellulose in primary and secondary treatment at municipal water resource
recovery facilities. Water Environment Research, 91, 1479-1489. https://doi.org/10.1002/wer.1145


https://doi.org/10.2166/9781780407876
https://doi.org/10.3389/fmicb.2016.02106
https://doi.org/10.1002/wer.1145

Upscaled and validated technologies for the production of bio-based materials 219

Akyol C., Foglia A., Ozbayram E. G., Frison N., Katsou E., Eusebi A. L. and Fatone F. (2020). Validated innovative
approaches for energy-efficient resource recovery and re-use from municipal wastewater: From anaerobic
treatment systems to a biorefinery concept. Critical Reviews in Environmental Science and Technology, 50,
869-902. https://doi.org/10.1080/10643389.2019.1634456

Albuquerque M. G. E., Eiroa M., Torres C., Nunes B. R. and Reis M. A. M. (2007). Strategies for the development
of a side stream process for polyhydroxyalkanoate (PHA) production from sugar cane molasses, Journal of
Biotechnology, 130(4), 411-421.

Albuquerque M. G. E., Concas S., Bengtsson S. and Reis M. A. M. (2010). Mixed culture polyhydroxyalkanoates
production from sugar molasses: The use of a 2-stage CSTR system for culture selection. Bioresource
Technology, 101, 7112-7122. https://doi.org/10.1016/j.biortech.2010.04.019

Albuquerque M. G. E., Martino V., Pollet E., Avérous L. and Reis M. A. M. (2011). Mixed culture
polyhydroxyalkanoate (PHA) production from volatile fatty acid (VFA)-rich streams: Effect of substrate
composition and feeding regime on PHA productivity, composition and properties, Journal of Biotechnology,
151(1), 66-76.

Anjum A., Zuber M., Zia K. M., Noreen A., Anjum M. N. and Tabasum S. (2016). Microbial production of
polyhydroxyalkanoates (PHAs) and its copolymers: A review of recent advancements. International Journal
of Biological Macromolecules, 89, 161-174. https://doi.org/10.1016/j.ijbiomac.2016.04.069

Behera C. R., Santoro D., Gernaey K. V. and Sin G. (2018). Organic carbon recovery modeling for a rotating
belt filter and its impact assessment on a plant-wide scale. Chemical Engineering Journal, 334, 1965-1976.
https://doi.org/10.1016/j.cej.2017.11.091

Bengtsson S., Werker A., Christensson M. and Welander T. (2008). Production of polyhydroxyalkanoates by
activated sludge treating a paper mill wastewater. Bioresource Technology, 99(3), 509-516. https://doi.
org/10.1016/j.biortech.2007.01.020

Bengtsson S., Karlsson A., Alexandersson T., Quadri L., Hjort M., Johansson P., Morgan-Sagastume F., Anterrieu S.,
Arcos-Hernandez M., Karabegovic L., Magnusson P. and Werker A. (2017). A process for polyhydroxyalkanoate
(PHA) production from municipal wastewater treatment with biological carbon and nitrogen removal
demonstrated at pilot-scale. New Biotechnology, 35, 42-53. https://doi.org/10.1016/j.nbt.2016.11.005

Bout A. E., Pfau S. F,, van der Krabben E. and Dankbaar B. (2019). Residual biomass from Dutch riverine areas-
from waste to ecosystem service. Sustainability, 11, 1-14. https://doi.org/10.3390/su11020509

Campanari S., e Silva F. A,, Bertin L., Villano M. and Majone M. (2014). Effect of the organic loading rate on
the production of polyhydroxyalkanoates in a multi-stage process aimed at the valorization of olive oil
mill wastewater. International Journal of Biological Macromolecules, 71, 34-41. https://doi.org/10.1016/j.
ijbiomac.2014.06.006

Carvalho G.,Oehmen A., Albuquerque M. G. E. and Reis M. A. M. (2014). The relationship between mixed microbial
culture composition and PHA production performance from fermented molasses. New Biotechnology, 31,
257-263. https://doi.org/10.1016/j.nbt.2013.08.010

Carvalho G., Pedras I., Karst S. M., Oliveira C. S. S., Duque A. F.,, Nielsen P. H. and Reis M. A. M. (2018).
Functional redundancy ensures performance robustness in 3-stage PHA-producing mixed cultures under
variable feed operation. New Biotechnology, 40, 207-217. https://doi.org/10.1016/j.nbt.2017.08.007

Cavaillé L., Grousseau E., Pocquet M., Lepeuple A. S., Uribelarrea J. L., Hernandez-Raquet G. and Paul E. (2013).
Polyhydroxybutyrate production by direct use of waste activated sludge in phosphorus-limited fed-batch
culture. Bioresource Technology, 149, 301-309. https://doi.org/10.1016/j.biortech.2013.09.044

Chen S. S., Wang L., Yu 1. K. M., Tsang D. C. W., Hunt A. J., Jérome F., Zhang S., Ok Y. S. and Poon C. S. (2018).
Valorization of lignocellulosic fibres of paper waste into levulinic acid using solid and aqueous Bronsted
acid. Bioresource Technology, 247, 387-394. https://doi.org/10.1016/j.biortech.2017.09.110

Conca V., Ros C., Valentino F., Eusebi A. L., Frison N. and Fatone F. (2020). Long-term validation of
polyhydroxyalkanoates production potential from the sidestream of municipal wastewater treatment plant
at pilot scale. Chemical Engineering Journal, 390, 1-13. https://doi.org/10.1016/j.cej.2020.124627

Crutchik D., Frison N., Eusebi A. L. and Fatone F. (2018). Biorefinery of cellulosic primary sludge towards
targeted short chain fatty acids, phosphorus and methane recovery. Water Research, 136, 112-119. https://
doi.org/10.1016/j.watres.2018.02.047

Crutchik D., Franchi O., Caminos L., Jeison D., Belmonte M., Pedrouso A., Val del Rio A., Mosquera-Corral A.
and Campos J. L. (2020). Polyhydroxyalkanoates (PHAs) production: A feasible economic option for the
treatment of sewage sludge in municipalwastewater treatment plants? Water (Switzerland), 12, 1-12. https://
doi.org/10.3390/W12041118


https://doi.org/10.1080/10643389.2019.1634456
https://doi.org/10.1016/j.biortech.2010.04.019
https://doi.org/10.1016/j.ijbiomac.2016.04.069
https://doi.org/10.1016/j.cej.2017.11.091
https://doi.org/10.1016/j.biortech.2007.01.020
https://doi.org/10.1016/j.biortech.2007.01.020
https://doi.org/10.1016/j.nbt.2016.11.005
https://doi.org/10.3390/su11020509
https://doi.org/10.1016/j.ijbiomac.2014.06.006
https://doi.org/10.1016/j.ijbiomac.2014.06.006
https://doi.org/10.1016/j.nbt.2013.08.010
https://doi.org/10.1016/j.nbt.2017.08.007
https://doi.org/10.1016/j.biortech.2013.09.044
https://doi.org/10.1016/j.biortech.2017.09.110
https://doi.org/10.1016/j.cej.2020.124627
https://doi.org/10.1016/j.watres.2018.02.047
https://doi.org/10.1016/j.watres.2018.02.047
https://doi.org/10.3390/W12041118
https://doi.org/10.3390/W12041118

220 Resource Recovery from Water: Principles and Application

Da Ros C., Conca V., Laura A., Frison N. and Fatone F. (2020). Sieving of municipal wastewater and recovery of bio-
based volatile fatty acids at pilot scale. Water Research, 174, 1-10. https://doi.org/10.1016/j.watres.2020.115633

Dionisi D., Majone M., Tandoi V. and Beccari M. (2001). Sequencing batch reactor: Influence of periodic operation
on performance of activated sludges in biological wastewater treatment. Industrial and Engineering
Chemical Research, 40, 5110-5119. https://doi.org/10.1021/ie001008k

Ferndndez-Dacosta C., Posada J. A., Kleerebezem R., Cuellar M. C. and Ramirez A. (2015). Microbial community-
based polyhydroxyalkanoates (PHAs) production from wastewater: Techno-economic analysis and
ex-ante environmental assessment. Bioresource Technology, 185, 368-377. https://doi.org/10.1016/j.
biortech.2015.03.025

Franchi A. and Santoro D. (2015). Current status of the rotating belt filtration (RBF) technology for
municipal wastewater treatment. Water Practice and Technology, 10, 319-327. https://doi.org/10.2166/
wpt.2015.038

Frison N., Katsou E., Malamis S., Oechmen A. and Fatone F. (2015). Development of a novel process integrating
the treatment of sludge reject water and the production of polyhydroxyalkanoates (PHAs). Environmental
Science and Technology, 49, 10877-10885. https://doi.org/10.1021/acs.est.5b01776

Gavrilescu M. (2014). Biomass potential for sustainable environment, biorefinery products and energy. In:
Visa, I. (ed.). Sustainable Energy in the Built Environment - Steps Towards NZEB. Springer International
Publishing, Cham, pp. 169-194.

Huang F. (2013). What is biomass? In: Materials for Biofuels, A. J. Ragauskas (ed.), World Scientific, Singapore,
pp. 1-26.

Johnson K., Jiang Y., Kleerebezem R., Muyzer G. and Van Loosdrecht M. C. M. (2009). Enrichment of a mixed
bacterial culture with a high polyhydroxyalkanoate storage capacity. Biomacromolecules, 10, 670-676.
https://doi.org/10.1021/bm8013796

Johnson K., Kleerebezem R., and Loosdrecht M. C. M. (2010). Influence of the C/N ratio on the performance
of polyhydroxybutyrate (PHB) producing sequencing batch reactors at short SRTs. Water Research, 44(7),
2141-2152.

Kehrein P., van Loosdrecht M., Osseweijer P., Garfi M., Dewulf J. and Posada J. (2020). A critical review of
resource recovery from municipal wastewater treatment plants - market supply potentials, technologies and
bottlenecks. Environmental Science: Water Research and Technology, 6, 877-910. https://doi.org/10.1039/
c9ew00905a

Keijsers E. R. P, Yilmaz G. and Van Dam J. E. G. (2013). The cellulose resource matrix. Carbohydrate Polymersm,
93, 9-21. https://doi.org/10.1016/j.carbpol.2012.08.110

Khatami K., Perez-Zabaleta M., Owusu-Agyeman I. and Cetecioglu Z. (2021). Waste to bioplastics: How close
are we to sustainable polyhydroxyalkanoates production? Waste Management, 119, 374-388. https://doi.
org/10.1016/j.wasman.2020.10.008

Kim M., Lee E.-K., Choi C.J., Lee M.-H., Kim J.-M,, Ji S.-W., Jeon B.-J., Park G.-P. and Song K.-B. (2017).
Brick insulation composite and method for manufacturing same. US Pat. 2017/0191264 Al. https://doi.
org/10.1016/j.(73)

Kourmentza C., Placido J., Venetsaneas N., Burniol-Figols A., Varrone C., Gavala H. N. and Reis M. A. M.
(2017). Recent advances and challenges towards sustainable polyhydroxyalkanoate (PHA) production.
Bioengineering 4, 1-43. https://doi.org/10.3390/bioengineering4020055

Kumar M., Morya R., Gnansounou E., Larroche C. and Thakur I. S. (2017). Characterization of carbon dioxide
concentrating chemolithotrophic bacterium Serratia sp. ISTD04 for production of biodiesel. Bioresource
Technology, 243, 893-897. https://doi.org/10.1016/j.biortech.2017.07.067

Kumar M., Ghosh P., Khosla K. and Thakur I. S. (2018). Recovery of polyhydroxyalkanoates from municipal
secondary wastewater sludge. Bioresource Technology, 255, 111-115. https://doi.org/10.1016/j.biortech.
2018.01.031

Li S., Wu Z., Zixin Wu. and Liu G. (2020). Enhancing fiber recovery from wastewater may require toilet paper
redesign. Journal of Cleaner Production, 261, 121138. https://doi.org/10.1016/j.jclepro.2020.121138

Mannina G., Presti D., Montiel-Jarillo G., Carrera J. and Sudrez-Ojeda M. E. (2020). Recovery of
polyhydroxyalkanoates (PHAs) from wastewater: A review. Bioresource Technology, 297, 1-12. https://doi.
org/10.1016/j.biortech.2019.122478

Matos M., Cruz R. A. P, Cardoso P, Silva F., Freitas E. B., Carvalho G. and Reis M.A.M. (2021). Combined
strategies to boost polyhydroxyalkanoate production from fruit waste in a three-stage pilot plant. ACS
Sustainable Chemical Engineering 9(24), 8270-8279. https://doi.org/10.1021/acssuschemeng.1c02432


https://doi.org/10.1016/j.watres.2020.115633
https://doi.org/10.1021/ie001008k
https://doi.org/10.1016/j.biortech.2015.03.025
https://doi.org/10.1016/j.biortech.2015.03.025
https://doi.org/10.2166/wpt.2015.038
https://doi.org/10.2166/wpt.2015.038
https://doi.org/10.1021/acs.est.5b01776
https://doi.org/10.1021/bm8013796
https://doi.org/10.1039/c9ew00905a
https://doi.org/10.1039/c9ew00905a
https://doi.org/10.1016/j.carbpol.2012.08.110
https://doi.org/10.1016/j.wasman.2020.10.008
https://doi.org/10.1016/j.wasman.2020.10.008
https://doi.org/10.1016/j.(73)
https://doi.org/10.1016/j.(73)
https://doi.org/10.3390/bioengineering4020055
https://doi.org/10.1016/j.biortech.2017.07.067
https://doi.org/10.1016/j.biortech.​2018.01.031
https://doi.org/10.1016/j.biortech.​2018.01.031
https://doi.org/10.1016/j.jclepro.2020.121138
https://doi.org/10.1016/j.biortech.2019.122478
https://doi.org/10.1016/j.biortech.2019.122478
https://doi.org/10.1021/acssuschemeng.1c02432

Upscaled and validated technologies for the production of bio-based materials 221

Morgan-Sagastume F., Valentino F., Hjort M., Cirne D., Karabegovic L., Gerardin F., Johansson P., Karlsson A.,
Magnusson P., Alexandersson T., Bengtsson S., Majone M. and Werker A. (2014). Polyhydroxyalkanoate
(PHA) production from sludge and municipal wastewater treatment. Water Science and Technology, 69,
177-184. https://doi.org/10.2166/wst.2013.643

Morgan-Sagastume F., Heimersson S., Laera G., Werker A. and Svanstrom M. (2016). Techno-environmental
assessment of integrating polyhydroxyalkanoate (PHA) production with services of municipal wastewater
treatment. Journal of Cleaner Production, 137, 1368-1381. https://doi.org/10.1016/j.jclepro.2016.08.008

Mozejko-Ciesielska J. and Kiewisz R. (2016). Bacterial polyhydroxyalkanoates: Still fabulous? Microbiological
Research, 192, 271-282. https://doi.org/10.1016/j.micres.2016.07.010

Nechyporchuk O., Belgacem M. N. and Bras J. (2016). Production of cellulose nanofibrils: A review of recent
advances. Industrial Crops and Products, 93, 2-25. https://doi.org/10.1016/j.indcrop.2016.02.016

Oehmen A., Pinto F. V, Silva V., Albuquerque M. G. E. and Reis M. A. M. (2014). The impact of pH control on
the volumetric productivity of mixed culture PHA production from fermented molasses. Engineering in Life
Sciences, 14, 143-152. https://doi.org/10.1002/elsc.201200220

Oliveira C. S. S., Silva C. E., Carvalho G. and Reis M. A. (2017). Strategies for efficiently selecting PHA producing
mixed microbial cultures using complex feedstocks: Feast and famine regime and uncoupled carbon and
nitrogen availabilities. New Biotechnology, 37, 69-79. https://doi.org/10.1016/j.nbt.2016.10.008

Pagliano G., Galletti P,, Samori C., Zaghini A. and Torri C. (2021). Recovery of polyhydroxyalkanoates from single
and mixed microbial cultures: A review. Frontiers in Bioengineering and Biotechnology, 9, 1-28. https://doi.
org/10.3389/fbioe.2021.624021

Pakalapati H., Chang C. K., Show P. L., Arumugasamy S. K. and Lan J. C. W. (2018). Development of
polyhydroxyalkanoates production from waste feedstocks and applications. Journal of Bioscience and
Bioengineering, 126, 282-292. https://doi.org/10.1016/j.jbiosc.2018.03.016

Palmieri S., Cipolletta G., Pastore C., Giosue C., Akyol C., Eusebi A. L., Frison N., Tittarelli F. and Fatone F.
(2019). Pilot scale cellulose recovery from sewage sludge and reuse in building and construction material.
Waste Management, 100, 208-218. https://doi.org/10.1016/j.wasman.2019.09.015

Raza Z. A., Abid S. and Banat I. M. (2018). Polyhydroxyalkanoates: Characteristics, production, recent
developments and applications. International Biodeterioration and Biodegradation, 126, 45-56. https://doi.
org/10.1016/j.ibiod.2017.10.001

Reddy K. H. K., Patra M. R., Roy D. S. and Pradhan B. (2012). An adaptive scheduling mechanism for computational
desktop grid using GridGain. Procedia Technology, 4, 573-578. https://doi.org/10.1016/j.protcy.2012.05.091

Rodriguez-Perez S., Serrano A., Pantién A. A. and Alonso-Farifias B. (2018). Challenges of scaling-up PHA
production from waste streams. A review. Journal of Environmental Management, 205, 215-230. https://
doi.org/10.1016/j.jenvman.2017.09.083

Ruiken C. J., Breuer G., Klaversma E., Santiago T. and van Loosdrecht M. C. M. (2013). Sieving wastewater —
cellulose recovery, economic and energy evaluation. Water Research, 47, 43-48. https://doi.org/10.1016/j.
watres.2012.08.023

Rusten B. and Odegaard H. (2006). Evaluation and testing of fine mesh sieve technologies for primary treatment
of municipal wastewater. Water Science and Technology, 54, 31-38.

Rusten B., Razafimanantsoa V. A, Andriamiarinjaka M. A., Otis C. L., Sahu A. K. and Bilstad T. (2016). Impact of
fine mesh sieve primary treatment on nitrogen removal in moving bed biofilm reactors. Water Science and
Technology, 73, 337-344. https://doi.org/10.2166/wst.2015.498

Rusten B., Rathnaweera S. S., Rismyhr E., Sahu A. K. and Ntiako J. (2017). Rotating belt sieves for primary
treatment, chemically enhanced primary treatment and secondary solids separation. Water Science and
Technology, 75, 2598-2606. https://doi.org/10.2166/wst.2017.145

Samori C., Abbondanzi F., Galletti P., Giorgini L., Mazzocchetti L., Torri C. and Tagliavini E. (2015). Extraction of
polyhydroxyalkanoates from mixed microbial cultures: Impact on polymer quality and recovery. Bioresource
Technology, 189, 195-202. https://doi.org/10.1016/j.biortech.2015.03.062

SMART-Plant (2020a). D4.5 Socio-economic Assessment Including Life Cycle Costing (LCC) and Cost Benefit
Analysis (CBA) Reports. Available at: https://ec.europa.eu/research/participants/documents/downloadPub
lic?documentIds=080166e5cf44b308&appld=PPGMS (accessed 26 January 2022).

SMART-Plant (2020b). D4.4 Environmental Impact Report, incl. LCA (Life Cycle Assessment). Available at:
https://publications.kompetenz-wasser.de/pdf/Remy-2020-1273.pdf (accessed 26 January 2022).

STOWA (2017). PHARIO - Stepping Stone to A Sustainable Value Chain for PHA Bioplastic Using Municipal
Activated Sludge. STOWA, Amersfoot, The Netherlands.


https://doi.org/10.2166/wst.2013.643
https://doi.org/10.1016/j.jclepro.2016.08.008
https://doi.org/10.1016/j.micres.2016.07.010
https://doi.org/10.1016/j.indcrop.2016.02.016
https://doi.org/10.1002/elsc.201200220
https://doi.org/10.1016/j.nbt.2016.10.008
https://doi.org/10.3389/fbioe.2021.624021
https://doi.org/10.3389/fbioe.2021.624021
https://doi.org/10.1016/j.jbiosc.2018.03.016
https://doi.org/10.1016/j.wasman.2019.09.015
https://doi.org/10.1016/j.ibiod.2017.10.001
https://doi.org/10.1016/j.ibiod.2017.10.001
https://doi.org/10.1016/j.protcy.2012.05.091
https://doi.org/10.1016/j.jenvman.2017.09.083
https://doi.org/10.1016/j.jenvman.2017.09.083
https://doi.org/10.1016/j.watres.2012.08.023
https://doi.org/10.1016/j.watres.2012.08.023
https://doi.org/10.2166/wst.2015.498
https://doi.org/10.2166/wst.2017.145
https://doi.org/10.1016/j.biortech.2015.03.062
https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5cf44b308&appId=PPGMS
https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5cf44b308&appId=PPGMS
https://publications.kompetenz-wasser.de/pdf/Remy-2020-1273.pdf

222 Resource Recovery from Water: Principles and Application

Valentino F., Morgan-Sagastume F., Campanari S., Villano M., Werker A. and Majone M. (2017). Carbon recovery
from wastewater through bioconversion into biodegradable polymers. New Biotechnology, 37, 9-23. https://
doi.org/10.1016/j.nbt.2016.05.007

van der Hoek J. P, Struker A. and de Danschutter J. E. M. (2015). Amsterdam as a sustainable European metropolis:
Integration of water, energy and material flows. Urban Water Journal, 14, 61-68. https://doi.org/10.1080/1
573062X.2015.1076858

Wang X., Bengtsson S., Oehmen A., Carvalho G., Werker A. and Reis M. A. M. (2019). Application of dissolved
oxygen (DO) level control for polyhydroxyalkanoate (PHA) accumulation with concurrent nitrification in
surplus municipal activated sludge. New Biotechnology, 50, 37-43. https://doi.org/10.1016/j.nbt.2019.01.003

Werker A., Johansson P. and Magnusson P. (2015). Process for the Extraction of Polyhydroxyalkanoates From
Biomass. VEOLIA Water Solutions & Technologies, Saint-Maurice, France, US20150368393A1.

Werker A., Bengtsson S., Korving L., Hjort M., Anterrieu S., Alexandersson T., Johansson P., Karlsson A.,
Karabegovic L., Magnusson P., Morgan-Sagastume F., Sijstermans L., Tietema M., Visser C., Wypkema E.,
Van Der Kooij Y., Deeke A. and Uijterlinde C. (2018). Consistent production of high quality PHA using
activated sludge harvested from full scale municipal wastewater treatment - PHARIO. Water Science and
Technology, 78, 2256-2269. https://doi.org/10.2166/wst.2018.502


https://doi.org/10.1016/j.nbt.2016.05.007
https://doi.org/10.1016/j.nbt.2016.05.007
https://doi.org/10.1080/1573062X.2015.1076858
https://doi.org/10.1080/1573062X.2015.1076858
https://doi.org/10.1016/j.nbt.2019.01.003
https://doi.org/10.2166/wst.2018.502

o WA

PUBLISHING

doi: 10.2166/9781780409566

Chapter 9

Producing microbial-based protein
from reactive nitrogen recovered
from wastewater

llje Pikaar', Heidy Cruz’, Tim Hllsen?, Damien Batstone?, Korneel Rabaey3#, Paul Jensen?,
Yoram Avnimelech® and Willy Verstraete3

The School of Civil Engineering, The University of Queensland, St Lucia, QLD 4072, Australia

2The Advanced Water Management Centre, The University of Queensland, St Lucia, QLD 4072, Australia

3Centre for Microbial Ecology and Technology (CMET), Ghent University, 9000 Gent, Belgium

4Centre for Advanced Process Technology for Urban Resource Recovery, Frieda Saeysstraat 1, 9052 Gent, Belgium
sIsrael Institute of Technology, Faculty of Civil and Environmental Engineering, Haifa, Israel

9.1 INTRODUCTION

Recent estimates of the UN indicate that the global population will grow to 9-10 billion people by
the year 2050 (United Nations, 2015). For physical and mental health, it is important that on average
each person can consume some 0.66 g protein/kg body weight per day (World Health Organization,
2002). The current route to provide this protein is mainly through agricultural plant production,
using massive amounts of mineral nitrogen fertilizer fabricated by means of the Haber-Bosch process
(Bodirsky et al., 2014). This mineral nitrogen is generated as ammonium and may be converted to
nitrate prior to use. These forms of reactive nitrogen are, when applied to the soil as fertilizer, taken
up by the plants to produce plant proteins. The plant proteins can be directly used as food for the
human population, but are, to a large extent, used as feed to produce animal protein. In the latter case,
approximately 4% of the Haber-Bosch nitrogen is ultimately consumed as high-value animal proteins.
The overall nitrogen efficiency for plant proteins for human consumption is substantially higher, albeit
still low, with an efficiency of 14% (Galloway & Cowling, 2002).

At present, the need for animal (and hence vegetable) protein containing essential amino acids is
increasing because a growing part of the world desires to, and can afford to, consume more protein
products and higher quality protein products (Bodirsky et al., 2015; Godfray et al., 2010). The current
major supply routes for high quality protein are agri-crops (for about 50% of food protein inputs,
particularly wheat, rice and pulses such as soy beans), animal proteins based on agri-crops (another
40%) and finally fish (some 5-10%). These routes are facing limitations. Limitations of the agri-crop
route include the massive amount of nitrogen fertilizer used worldwide, that is ~100 Mton of nitrogen
fertilizer, and this is expected to increase to about 150 Mton of by 2050. Indeed the Haber-Bosch
process consumes about 1-2% of the total world industrial energy (Erisman et al., 2008) and moreover -
due to the fact that agriculture is subjected to losses by leaching, run-off and denitrification - nitrogen
pollution is of major environmental concern (Erisman et al., 2013; Galloway & Leach, 2016), often
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referred to as the nitrogen cascade (Galloway et al., 2003). The last route is very much struggling with
the international limits set to prevent overfishing of the world seas.

Ultimately, a substantial fraction of proteins consumed by humans ends up as wastewater
ammonium, often referred to as reactive nitrogen; currently about 20 million tons, which is expected
to increase to over 35 million tons by 2050. For more than 100 years now, emphasis has been placed
on removing the reactive nitrogen from wastewater by oxidizing it back into its elemental, non-
reactive form (N,) by means of biological oxidation, predominantly by the conventional activated
sludge process (Jenkins & Wanner, 2014). Recent innovations such as anammox (Kartal et al., 2010)
and aerobic granular sludge (Pronk ef al., 2017) decrease the energy requirements of nitrogen removal
and may even result in energy self-sufficient wastewater treatment plants. While these innovations can
be considered a step forward, the working principle remains unchanged: the dissipation of reactive
nitrogen to N,. Yet generally, the concept that there is sufficient nitrogen in the air (i.e., about 80% of
air is nitrogen gas - N,) has dominated the mindset in urban water management. The requirement for
2-3 L of fossil fuel equivalent to produce 1 kg of reactive Haber-Bosch nitrogen, and another 2 L. of
fossil fuel per kg wastewater nitrogen is needed to subsequently dissipate that nitrogen and return it
to the atmosphere, has largely been disregarded.

The time has come to recover reactive nitrogen embedded within the wastewater matrix as
microbial biomass rich in proteinaceous components. This chapter examines the possibility to recover
nitrogen from wastewater in its reactive form, coupled with upgrading the recovered reactive nitrogen
into microbial proteins. This microbial-based protein can, depending on the quality and type of the
treated wastewater, subsequently be used as a food, as a feed or as an organic nitrogen fertilizer,
contributing to a more sustainable nitrogen cycle. Alternatively, the recovered nitrogen can also be
used as fertilizer as an alternative to Haber-Bosch nitrogen fertilizer, or as feedstock in the chemical
industry (e.g., in the Denox process).

9.2 LEARNING OBJECTIVES
At the completion of this chapter you should be able to:

« Describe the current status of nitrogen management in urban water management and its
relevance in relation to the global nitrogen cycle.

- Understand the limitations of conventional nitrogen dissipation technologies in wastewater
treatment.

- Explain the fundamental principles of microbial-based protein production by means of
autotrophic, organotrophic, and phototrophic microbial growth.

« Describe the key design criteria and performance parameters for aerobic growth of microbial
cells using recovered nitrogen in different wastewater matrices.

- Characterize the process and explain the key technological challenges and limitations for the
production of microbial protein using recovered reactive nitrogen.

+ Evaluate the different microbial protein production processes used to recover the nitrogen from
various wastewater streams against conventional nitrogen removal processes in terms of process
economy, process robustness and economy of scale of the produced microbial protein.

9.3 CONCEPTUAL OVERVIEW PRODUCTION OF MICROBIAL PROTEIN USING
RECOVERED NITROGEN

9.3.1 Fundamental principles of the microbial conversion

In general, microbial growth involves chemical transformation coupled to energy generation
(catabolism), with energy stored chemically (generally as ATP) to enable cell synthesis (anabolism).
The dominant mode is coupled chemical oxidation and reduction with electrons transferred from one
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molecule (i.e., the electron donor) and this molecule becomes oxidized. These electrons are transferred
to an acceptor (i.e., electron acceptor) which becomes reduced. The process of anabolism may be
oxidative or reductive, depending on the substrate. Specifically, the electron state of the substrate
needs to change to match that of the microbial biomass. There are different types of microorganisms
that can use different types of electron donors. In this chapter, two key microbial synthesis routes
most relevant to production of microbial protein using recovered nitrogen from wastewater are
described in detail. These are the organotrophic and autotrophic microbial cell synthesis through
aerobic fermentation.

Very importantly, independent of the synthesis route, catabolism must be reduced to the minimum
necessary for energy generation, since anabolism leads to generation of the desired product and
catabolism is a cost factor. At increasing sludge ages, additional oxygen consumption is required
for endogenous respiration (Van Haandel & Van Der Lubbe, 2012). It is therefore vitally important
that the system is operated at the shortest possible sludge age in order to minimize catabolism and
maximize cell yields.

9.3.1.1 Organotrophic microbial cell synthesis through aerobic fermentation

The most straightforward and easiest way to produce microbial protein from an engineering perspective
is the use of organotrophic bacteria. Organotrophic bacteria directly use soluble organic compounds
present in the growth medium, in this case wastewater. To make chemistry more transparent, the
conversions are written at the level of the electron. Since no bacterium can be ‘charged’, one must
always come to electron neutrality. As an example, consider that a bacterium is supplied with acetate,
a common organic compound present in wastewater, as an energy source. This gives the following
equations:

The electron donor reaction:

CH;COO (aq) + 3H,0(aq) — CO,(g) + HCO5(aq) + 8H"(aq) + 8¢~ 9.1)

The electron acceptor reactions:
For energy generation:

20,(g) +8H"(aq) + 8¢~ — 4H,0(aq) (9.2)

For cell biosynthesis using ammonia as nitrogen source (Rittmann & MacCarty, 2001):

5CO,(g) + 1NH;(aq) + 20H (aq) + 20e™ — CsH;0,N(s) + 8 H,O(aq) 9.3)

According to Equation (9.3), the microbial biomass formed (approximated by C;H,O,N) has a
molecular weight of 113 g. The nitrogen present in this microbial biomass is considered to be
present in the form of protein. Protein contains 16% nitrogen on weight basis (known as the Jones
factor). Hence if the nitrogen content is known, the protein content can be calculated: protein
content = nitrogen-N x 6.25 (100 divided by 16). If one mole of microbial biomass is produced at a
molecular weight of 113 g, the biomass will contain 14 g of nitrogen, therefore the amount of protein
produced equals 14 x 6.25 = 87.5 g of protein. This represents 77% of the dry weight in this example.
Let us consider the aerobic production of ‘young’ bacterial cells at very low sludge ages (i.e., 1-2
days maximum). Under these conditions, the cell maintenance metabolism becomes negligible.
Consequently, under such conditions for every electron equivalent generated approximately half goes
to producing energy and the other half goes to growth of cellular biomass (Park ef al., 2015), one then
obtains the following overall balance:

5CH3COOi(aq) + 502(g) + 1NH3(aq) i C5H702N(S)

+5HCO3(aq) + 3H,0(aq) o
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At both sides of the equation, the ions and all chemical elements are equated. In this example
five moles of acetate (MW 59), representing 5 x 59 = 295 g of organic matter, are used to generate 1
mole of biomass (MW 113). Thus, a cell yield of 113/295~0.38 or about 40% on a dry matter basis
is obtained. Under conditions of stress (insufficient oxygen levels, limitation of essential nutrients
or at long(er) cell residence times (i.e., in wastewater treatment this is referred to as sludge age)),
this yield factor may become lower. It should be noted that different values are obtained in case one
uses a more oxidized substrate (e.g., formic acid) or a more reduced substrate (e.g., ethanol). As a
rule of thumb however, 0.4-0.5 is a good value for produced microbial biomass at short sludge ages
(i.e., 1-2 days).

Organotrophic microorganisms in general can use a wide variety of electron donors. Besides a very
common product such as acetate used in the example of above, they use all kinds of carbohydrates as
energy source: sugars, starches, cellulose but also lipids and hydrocarbons. They can also use proteins
and resynthesize them to their own cellular proteins. The provided oxygen functions as electron
acceptor. All these substrates result in a cell synthesis efficiency of about 50% under optimal growth
conditions and short sludge ages. The fact that microbes can use a wide range of organic compounds
is important as in wastewater a large variety of organics can be present. In this respect, microbes
are extremely effective compared to, for instance, insects or higher animals that achieve only some
10-25% of conversion efficiency. Indeed, microbes have no such complex instruments such as eyes
and ears to make and can focus on their rather straightforward cellular components, that is a cell
wall, a cell membrane, a nucleus and the cytoplasm. The latter is the major protein component of the
microbial cell. It should be emphasized that the above described cell yields considers only exogenic
respiration and no endogenic respiration. In practice, this can only be achieved when the sludge age
is very low (i.e., 1-2 days). At higher sludge ages, the endogenic respiration is generally greater than
the exogenic respiration, which can substantially lower the overall cell yield (Van Haandel & Van Der
Lubbe, 2012).

Besides using ammonia as a nitrogen source, bacteria can also use nitrogen gas. Under such
conditions of nitrogen fixation, they must spend a lot of energy to convert the N, to ammonia.
Actually, microbial nitrogen fixation is far less efficient than the Haber-Bosch process. Therefore, it
makes sense to use the industrial process to fix atmospheric nitrogen to reactive nitrogen and ‘keep
the unused’ reactive nitrogen (that ultimately ends up in wastewater) in its reactive form and use the
latter in a microbial fermenter to produce microbial protein. Microbes can also use nitrate and nitrite
as electron acceptors instead of oxygen. However, this form of electron acceptor is not suitable for
microbial protein production due to cost, and it is only used where nitrate or nitrite are to be removed
to produce nitrogen gas rather than assimilation of nitrogen into cell biomass.

9.3.1.2 Autotrophic microbial cell synthesis

Plants can fix CO, by using sunlight, and thereby convert the inorganic carbon to plant biomass. In
Equation (9.3), it appears that the microbial cell synthesis also starts from CO,, but this is not the case
for the so-called organotrophic microorganisms. In their biochemistry, organotrophic microorganisms
do not break down the organic compounds fully to CO, but rather they recover small units of organics
and integrate them in their own complex building units. However, there is a group of microorganisms
capable of growth without utilizing organic molecules. These organisms are autotrophic - that is,
can generate their own organics (mainly from CO,). Two groups of autotrophic bacteria can be
distinguished, namely (i) the chemo-lithotrophic organisms and (ii) photo-lithotrophic organisms.

9.3.1.2.1 The chemo-lithotrophic organisms
Chemo-lithotrophic microorganisms use a chemical reaction to generate energy. The most prominent
example is hydrogenotrophic bacteria, which utilize the reaction shown in Equation (9.5):

H,(g) —» +2H"(aq) +2e~ (9.5)
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Hydrogenotrophic bacteria are of particular interest since the current trend is evolving towards a
hydrogen driven economy. The hydrogen, for instance generated by means of water electrolysis using
renewable energy (i.e., green electricity), can be used to split water by electrolysis into hydrogen and
oxygen. These two gases thus represent the major part of the energy present in the electricity (at
a conversion efficiency of approximately 70% of the electrolysis process using state-of-the-art fuel
cell technology). Moreover, one electron equivalent in hydrogen combustion releases 143 kJ, which is
about 30% higher than that of methane (i.e., 111 kJ per electron equivalent). The energy present in the
combination of oxygen and hydrogen, when offered in a reactor system to hydrogenotrophic bacteria,
allows the latter to grow by using CO, and NH; as given in Equation (9.6):

%COz(g) + zio NH;(aq) + H' (aq) + ¢ — %C5H7OZN(S) + %Hzo(aq) 9.6)

Actually, they grow, expressed in terms of electron equivalents handled as indicated above, with
yields, which are of the same order of organotrophs. Indeed 1 mole of hydrogen requires half a mole
of oxygen:

Ha(g) + 5 Os(g) — H:0(aq) ©7)

Thus, 2 g of hydrogen equals to 16 g of oxygen, in other words 16 g of COD equivalents. On the
basis of hydrogen expressed as COD, the hydrogenotrophic bacteria, although they indeed have to
build up their biomass starting from CO,, attain yields in the order of 0.3 g of biomass per gram COD
converted (expressed in 100% dry weight) (Matassa et al., 2015b). The overall reaction equates to
(Ishizaki & Tanaka, 1990):

21.36H, +6.210; +4.09CO; + 0.76 NH;3 — C,4 00H7 15018Ng 76 +18.70H,0 9.8)

9.3.1.2.2 Photo-lithotrophic organisms

Purple phototrophic bacteria (PPB) are a diverse group of anoxygenic phototrophs that are mostly
Gram-negative facultative anaerobes spread throughout the phylogenetic tree of bacteria with many
subdivisions, particularly within the Proteobacteria. This group of bacteria is characterized by an
extremely diverse metabolism including anaerobic photoheterotrophic and photoautotrophy with light,
aerobic chemoheterotrophy or chemoautotrophy in the dark as well as fermentation (Tabita, 1995). As
opposed to oxygenic photosynthesis, these bacteria cannot utilize H,O as electron donor to reduce
CO, to cell materials. Instead, they utilize a range of lower potentials electron donors such as hydrogen
sulphide (H,S), thiosulphate (S,052") ferrous iron (Fe?') and several others for photoautotrophy, and
organics such as volatile fatty acids (e.g., acetic, propionic, butyric acid), alcohols and some sugars for
photoheterotropy. Consequently, PPB do not generate oxygen during photosynthesis and this process
is therefore referred to as anoxygenic photosynthesis. This process is further differentiated from
oxygenic photosynthesis by the absorption maxima at which photons from sunlight are harvested.
While photosynthetic active radiation (PAR), for example trees and algae, designates the spectral range
of solar radiation from 400 to 700 nm, absorbed by chlorophyll, PPB utilize bacteriochlorophyll (BChl)
and can absorb photons in the near infra-red >800 nm (and at lower wavelengths, e.g. 375 and 590 nm
for BChl a) (Overmann & Garcia-Pichel, 1998) to drive a proton motive force to produce energy in the
form of ATP. The generation of energy via photons in combination with photoheterotrophic growth
makes PPB an interesting mediator for wastewater treatment. In fact, the organics and nitrogen can in
theory be completely recovered as microbial biomass in case one has optimal COD/N ratios (Suhaimi
et al., 1987). Due to the high yield, nitrogen and phosphorous are required as macronutrients to
support growth which allows for simultaneous and non-destructive removal of organics, nitrogen and
phosphorous from wastewater and the option to recover these resources as PPB biomass.
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For cell biosynthesis using different organic donors and ammonia as nitrogen source the following
reactions can be written for acetic (Equation (9.9)) and butyric acid (Equation (9.10)):

1.5 CH;COOH(aq) +0.48 NH;(aq) — 2.67 CH1A800A33N0_18(S)

+0.33C0,(g) +1.32H,0(aq) 9.9)

1.5 C4H802(aq) +0.6 COz(g) +1.19 NH3 — 6.6 CH1‘800‘33N0A13(S)

+1.84H,0(aq) (9.10)

Based on Equation (9.9), 1 kg of acetic acid could generate approximately 0.66 kg of PPB biomass.
The formed biomass contains approximately 70% protein (~11% N on a dry weight basis), which is
similar to the protein content for organotrophic microbial cell synthesis. The latter implies that more
nitrogen can be recovered as microbial protein than the organotrophic route. Photoautotrophic PPB
growth can occur through diverse metabolic pathways, including through inorganic electron donors
such as hydrogen sulphide (H,S) (Equation (9.11)). Elemental sulphur can also serve as electron donor
with sulphate or thiosulphate as oxidized products (Equation (9.12)). In these reactions, an overall cell
composition of CH, (N, ,0,, was assumed (Van Gemerden, 1968):

CO,(g) + 2.1H,S + 0.2NH; — CH, 4004No, + 2.18° + 1.6 H,0 (9.11)
CO,(g) + 0.5H,S + 0.2NH; + 0.4 H,0 — CH, 004Ny, + 0.5H,S0, 9.12)

Oxidation of H,S to elemental sulphur results in biomass yields of 0.31 g cell dry matter (CDM) per
g H,S (or 0.25 g COD g COD!), while oxidation of H,S through to sulphate results in biomass yields
of 1.3 g CDM per gram H,S (or 1.0 g COD g COD!). The latter is because the oxidation of H,S to
elemental sulphur (Equation (9.13)) and sulphate (Equation (9.14)) involves two and eight electrons,
respectively:

H,S —S°+2H" +2e” (9.13)
H,S — 4H,0 — SO3” +10H" + 8¢~ (9.14)

The processes described above can occur simultaneously in a single environment, such as a
bioreactor treating wastewater. This is one reason why anaerobic cultures with mixed culture PPB
do not generate the characteristic rotten egg smell of H,S. When diverse mixed culture microbial
populations are present, such as those consortia commonly in industrial bioreactors, there are
bacteria that can provide CO, for VFA assimilation which enables direct CO, fixation rather than
CO, generation from the VFA itself, as described in Equation (9.9).

The most critical process parameter (and bottleneck hindering practical implementation) of the
production of PPB is the inherent light requirement of phototrophic bioreactors. Light penetration
is generally very poor through aqueous cell suspensions (particularly long wavelengths), limiting
the active reactor volumes to very narrow fields around the illuminated surface. This represents
a major challenge and is, for example, one of the most critical bottlenecks hindering successful
commercialization of algae-based, photobioreactor wastewater treatment technologies (Posten, 2009).
The same issues arise for PPBs. Another critical challenge to address is the energy requirement when
applying artificially illumination, which are in the order of ~10 kWh per m3 wastewater treated (Hiilsen
et al., 2018). In order to become viable in the future, energy requirements need to be reduced, which
in terms of radiation can potentially be achieved by the utilization of sunlight. However, natural light/
dark cycles are challenging for continuous removal performance. Another major cost factor is the
harvesting and drying of the biomass, which has been reported to be up to 20-30% of the operational
costs for algal systems (Molina Grima et al., 2003). This is mainly caused by rather diluted cultures
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(~1.0 g/L) and the small size of algal cells (5-50 um). Considering the above-described challenges, it
is evident that it remains uncertain whether PPB can become a viable concept for the production of
microbial protein from wastewater.

9.3.2 Application and design

The processes to produce microbial protein from recovered nitrogen has to focus on the following
factors: the origin of the wastewater (i.e., is the nitrogen ‘mixed’ with, e.g., fecal matter, pathogens,
metals or other unwanted compounds), the yield of the protein, the amount generated per unit reactor
volume per day (i.e., volumetric production rate), the harvesting and downscale processing of the
biomass and finally the quality and end-use of the biomass produced.

9.3.2.1 The working microbiome

Ideally, one would aim to work only under very specific conditions, for instance in a sterile reactor with
sterile input materials (purchased chemical grade reactive nitrogen and electron donors) and well-
defined microbial strains. Such conditions are implemented in conventional industrial microbiology.
However, in the case of upgrading recovered nitrogen from wastewater at the wastewater treatment
plant, at best one can work under conditions which resemble those of making artisanal cheese. Thus,
the incoming material is seeded with a starter culture which has been selected over time for the fact
that it provides a good end-product and subsequently the environmental conditions are controlled so
that the proper mixed association of microbes (also called the microbiome) brings about the conversion
in a desired way. In the following sections, the most promising microbial protein production pathways
are described in more detail. For every kg of nitrogen to be upgraded, a readily biodegradable organic
carbon source is needed. The overall stoichiometry is approximately 20-25 kg COD equivalent per
kg nitrogen. The conversion is based on aerobic microbial metabolism (see Equations (9.1)-(9.4)). Of
every kg of COD supplied, approximately half is oxidized to CO, and H,O. Hence the supply of oxygen
is critical (about 0.5 kg oxygen needs to be transferred to the cells per kg carbohydrate converted).
The energy generated by these catabolic processes is used for anabolic processes, that is to synthesize
new microbial cells which will have a typical composition of young microbial cells (i.e., a dry matter
consisting of 70% protein, 5% minerals (of which some 2% are phosphate) with the remainder being
exo and endo polymers with a composition relating to sugars and lipids.

Besides the supply of an appropriate electron donor and oxygen as an electron acceptor, the ambient
conditions for the microbiome should also be appropriate. Normally, one operates at temperatures
in the 20-40°C range; higher is possible but the biomass yields tend to be lower outside that range.
Normally, the pH is controlled within the range of 5-8 but more extreme ranges can used to exclude
certain microbial species. Indeed, by imposing very acidic or alkaline conditions one can (even in
non-sterile open reactor systems) disfavour unwanted microbes, such as for instance enteric bacteria.
Similarly, light of specific wavelength can be utilized to select for desired bacteria, for example
the supply of infrared radiation to outcompete algae and favour purple phototrophic bacteria in a
photobioreactor. As described above, PPB biomass yields are higher (e.g., 66% for acetic acid based on
stoichiometry) compared to organotrophic organisms and the reactive nitrogen upgrade is enhanced
to around 1 kg N for every 13 kg of COD.

9.3.2.2 The volumetric production rate

The key feature of industrial production is thus to achieve a maximal conversion of electron donor
per unit volume and per unit time. This determines the volumetric reactor substrate loading rate and
relates to the kg biomass (CDM) generated per m? reactor per day, that is the volumetric production
rate. In conventional treatment systems, the focus is on removing the last bit of organic matter (or
at least to below discharge limits) from the wastewater and to obtain a minimal amount of residual
microbial biomass, that is excess waste activated sludge. Hence, in waste treatment systems, one
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operates at low loading rates (of the order of approximately 1 kg organic matter per m3 per day) and
long reactor cell residence times of 20 days or more. Microbial biomass which has been maintained at
a low food supply level for a residence time of several weeks is characterized by old cells which are low
in protein and exopolysaccharides and hence can be harvested relatively easily because they dewater
quite well. However, in the case of nutrient recovery by means of microbial protein production, high
volumetric loading rates of at least 10 kg organic matter (or COD equivalent) per m3 per day and cell
residence times of only a few days need to be used to obtain young cells high in protein. The latter,
however, can be quite difficult to harvest and to dewater. This is a key feature in the downstream
processing of microbial protein, as at present it incurs high operational costs because the produced
microbial biomass needs to be almost completely dewatered (i.e., >95%) in order to become a viable
product with a market value.

9.3.2.3 Oxygen supply

Aerobic production is normally based upon oxygen as the electron acceptor. Indeed, oxygen is the
most economical of all electron acceptors. One kilogram of oxygen dissolved in water has a cost of
approximately €0.05. A principal factor in the reactor design is the transfer of oxygen to the water
phase. Asin used water treatment, a variety of aeration mechanisms can be used such as propellers, fine
bubble distributors, jets, membranes, high-pressure reactors. According to Equation (9.4), to generate
1 kg of microbial cell dry weight, about 1 kg of oxygen input is generally required. This cost factor is
not excessive, but a good supply of oxygen is connected with a second factor, namely the intensity at
which the reactor is performing. It is important to realize that the aerobic oxygen uptake rates in these
biomass production processes are much higher than those commonly found in wastewater treatment
processes, which are aimed at ‘cleaning up’ and typically in the order of 40-60 mg/L.h (Van Haandel
& Van Der Lubbe, 2012). In fact, in pure culture industrial fermentation often industrial grade pure
oxygen is used, which incurs higher operational costs, albeit still only representing a relatively small
part of the overall production cost.

9.3.2.4 Infrared irradation

Note that in case phototrophic bacteria are used, these have the benefit that they work under anaerobic
conditions. However, they require substantial energy input in the form of light where the growth can
be achieved with infra-red light only, but additional wavelength can be harvested, for example 375
and 590 nm for bacteriochlorophyll a (Overmann & Garcia-Pichel, 1998), which is relevant when
growing cultures outside with sunlight (or filtered sunlight). A maximum light conversion efficiency
(LCE) between 3.7 and 25.6% has been given by several authors and summarized by Adessi and De
Philippis (2014), where LCE tend to be at the higher end when calculated using a specific wavelength,
for example 860 nm, rather than integrating spectral ranges. This rather broad range shows that the
real efficiency has to be determined specifically for given conditions, substrates and wavelengths. In any
case the illuminated surface to volume ration is a crucial design parameter where typical volume ratios
are 80-100 m?/m3 for algal systems (Posten, 2009), and in order to guarantee economic production
estimated capital and operational costs may not exceed €40/m?, which is currently several times higher.

9.3.2.5 Pumping and mixing

Fermentation reactors require energy for sufficient mixing and pumping as well as to dissolve the
oxygen (and hydrogen and methane in case these gaseous compounds are used as electron donors).
The use of these gaseous substrate requires substantial mixing in order to create high gas-to-liquid
transfer conditions, which is a crucial factor in obtaining high volumetric productivity and also
increases the absorption of these gaseous compounds. The latter is very important in terms of process
economics considering that they represent a large fraction of the operational expenditure. Energy
for pumping and mixing can be assumed to be on the order of 0.2-3 kWh per cubic meter of water
handled (Niazi & Brown, 2015).
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9.3.2.6 Dewatering, drying and conservation

After the fermentation step, the produced microbial biomass can undergo heat treatment, in case it is
destined to be used as animal feed. Heat treatment can be carried out for multiple reasons, namely:
(i) lyse cells thereby increasing the protein accessibility; (ii) decrease the nucleic acid content of the
microbial biomass; and (iii) obtain a dry and quality assured end-product (Anupama & Ravindra, 2000).
Prior to this, the microbial biomass is first dewatered to lower the water content by centrifugation (or
other conventional dewatering methods) to lower the energy consumption for the heat-treatment step.
Normally, dry solids contents of maximum 25 wt% can be achieved in this way. Spray-drying with
integrated fluidized bed, a common practice in the food processing industry (Chen & Mujumdar,
2009), can be used for the drying step. The energy costs for this step are quite substantial, that is about
3500 M]J per cubic meter of water (Chen & Mujumdar, 2009).

9.3.3 Direct assimilation of recovered nitrogen into microbial biomass

In most practical situations, the recovered nitrogen is upgraded by supplying the bacteria with low
value organic carbon sources like starch and organic acids that are present in various wastewater
streams from the food and beverage industry and distillery side-streams. It is of crucial importance
to select for a ‘microbial team’ (i.e., a microbiome). To the degree possible, rather than processing
one type of molecule, a suitable microbiome converts the overall assembly of organics present in the
wastewater to cellular biomass. The microbiome must consist of several members that complement
one another so that the metabolites of one species are further used by the other species. Indeed, the
final mixed liquor, when subjected to cell harvesting, should give rise to water which is low in residual
nutrients (i.e., N, P) and organic carbon (cells and soluble organics) on the one hand and a harvest of
biomass rich in nutritious microbial protein on the other hand.

Today, the major challenges in this respect are issues relating to the type of microbiome needed
and the ways to maintain and support the microbiome in order to produce a microbial biomass of
consistent quality and composition. Indeed, first a selection of species must be assembled. The focus
must be on the fact that the team members should grow at high rates (with doubling times of only a
couple of hours) and consume the N and electron donor down to low residual levels. The residual level
of mineral nitrogen in the medium is easy to monitor; also the amount of residual soluble organics
can be easily quantified (through COD or solids analysis). In addition, the oxygen uptake rate is a
helpful tool to control the oxidation capacity of the microbiome. The constitution of the generated
microbial biomass is more difficult to select for. It is highly advantageous for the further processing
of the biomass if one can obtain a coagulation/flocculation of the single microbial cells into flocs
that readily separate by sedimentation, filtration, or centrifugation forces. Indeed, one should try to
obtain a harvested biomass at a level of some 5-10% dry matter content to achieve further handling
in the form of a thick slurry of biomass. The latter can then be either preserved as such (e.g., by
bringing the pH below 4.0 as done in the pickling of foods or ensiling of feeds) or by further drying to
85% dry matter or more. In this respect, the current R&D is focusing on the development of proper
coagulating agents which are effective in the harvesting process and, moreover, which are of food/
feed grade quality.

Wastewater from the food and beverage industry has one distinct advantage over domestic
wastewater in terms of production of microbial protein, namely, it is free of fecal matter, pathogens and
toxic metals. Consequently, there is no need for a nitrogen separation and purification step, allowing
direct assimilation into microbial biomass. Moreover, wastewater streams from the food and beverage
industry usually also have higher concentrations of ammonium and organics. The engineering is thus
less challenging. Crucial will be to find the optimum COD/N/P ratio in order to stimulate microbial
biomass high in protein. In fact, it turns out that in many cases, many waste streams are ammonium
deficient, as shown in Table 9.1 below. As such, although it seems counterintuitive, one needs to add
nitrogen to the wastewater!
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Table 9.1 Overview of industrial wastewater streams free of fecal matter from the food and beverage industry
and their COD to nitrogen ratio, adapted from Pikaar et al. (2017b).

Type of Industrial COD (mg/L) Total N COD/N*  Maximum Ref.
Wastewater (mg/L) Attainable Protein
Content? (wt%)

Dairy 4000 55 100:1.37 17 Kasapgil et al. (1994)

Dairy 4500 60 100:1.33 16 Koyuncu et al. (2000)

Dairy 4000 60 100:1.50 18 Koyuncu et al. (2000)

Dairy 1745 75 100:4.30 53 Koyuncu et al. (2000)

Dairy 18 045 329 100:1.82 22 Arbeli et al. (2006)

Dairy 4000 55 100:1.37 17 Ince (1996)

Dairy 2800 140 100:5 62 Schwarzenbeck et al.
(2005)

Cheese 4430 18 100:041 5 Monroy et al. (1996)

Yoghurt and buttermilk 1500 63 100:4.2 52 Koyuncu et al. (2000)

Beverage 1750 28.4 100:1.62 20 Amuda and Amoo
(2007)

Distillery 150 000 6000 100:4 50 Mohana et al. (2009)

Distillery (raisins) 57 500 750 100:1.30 16 Vlissidis and
Zouboulis (1993)

Distillery (wines) 27 500 650 100:2.36 29 Vlissidis and
Zouboulis (1993)

Distillery (figs) 35400 880 100:2.48 31 Vlissidis and
Zouboulis (1993)

Brewery 4000 52.5 100:1.31 16 Driessen and
Vereijken (2003)

Sugar industry (beet) 6300 53.23 100:0.84 10 Giiven et al. (2009)

Olive oil mill 40 000-220 000 300-1200 100:0.54- 6-9 Azbar et al. (2004)

100:0.75
Olive oil mill 40 000-195 000 500-15000 100:0.77- 9-15 Sierra et al. (2001)
100:1.25
Palm oil mill 50 000 750 100:1.5 18 Ahmad et al. (2006)

aCOD/N ratio where no external nitrogen is added to the wastewater.

9.3.4 Case studies and implementation

9.3.4.1 Industrial production of microbial protein

Microorganisms have always been central in basic feed and food processing techniques, for instance
converting fibres into edible food when fermenting dough to produce bread, or milk into cheese,
allowing its long-term preservation. They have often been used as a direct food source, as is the case for
yeast or algae. The latter, together with bacteria, constitute the microbial actors involved in processing
food. They can also be used directly as a feed or food source. The term microbe is used here in the
broad connotation of bacteria, fungi, yeast and algae. Some 40 years ago, Imperial Chemical Industries
(London, UK) developed a single cell protein (SCP) generated from methanol using the bacterium
Methylophilus methylotrophus. The product received the name Pruteen and contained up to 70%
protein and was used in pig feed. Pruteen, however, could not compete with cheaper animal feeds that
were available at the end of the 1970s and production was discontinued. In recent years, methane is
gaining interest as a substrate for the producing of microbial biomass. UniBio A/S (utilizing knowledge
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gained by Dansk BioProtein A/S (Odense, Denmark)) has developed fermentation technology to
convert natural gas to animal feed protein by using methanotrophic bacteria. UniBio A/S UniBio A/S
uses a U-loop fermenter to achieve a productivity of 4 kg m—3 h-!, producing UniProtein® with ~70%
protein, which has been approved for use in animal feed. The U-loop fermenter is designed to enhance
mass transfer rates of methane from the gas to the liquid phase, making more methane available for
the biomass. Another industrial producer using methane is Calysta Inc. (California, USA). It recently
opened a production facility for their product, FeedKind®, in the UK in 2016 and is partnering with
Cargill (Minnesota, USA) to build a larger production facility in the USA. The fact that natural gas
is used means that ultimately such a production pathway does not provide a long-term sustainable
solution. However, the use of methane generated in digesters at WWTPs seems a promising route that
warrants further exploration. Clearly, in recent years, research and development around microbial
protein is regaining momentum both in the scientific and industrial domains. The steep increase in the
prices of fishmeal (from about €500 per ton in the 1990s to €1500-2500 in recent years), together with
the environmental pressure of soybean production on land and water use in the tropical areas of the
globe, justify the examination of the production of microbial protein in general and, in particular, in
combination with using recovered nitrogen as a more sustainable and climate independent alternative
to fishmeal. Indeed, at present, there are several ongoing initiatives at pilot and demonstration, which
are described in more detail below.

9.3.4.2 Microbial protein production from used water
There are two main lines of emerging concepts that produce microbial protein from water containing
organic waste materials enriched in respect to nitrogen:

(1) The direct assimilation of inorganic nitrogen into microbial protein and its on-site subsequent
use as feed in aquaculture ponds, so-called the Biofloc technology (Avnimelech, 2015) or the
ValPromic concept (http://avecom.be/product/promic-microbial-protein).

(2) The selective stripping of ammonia from the water and upgrading the latter to microbial
biomass in a separate reactor. The latter, so-called power-to-protein, is a recent initiative for
production of microbial protein from domestic wastewater (https://www.powertoprotein.eu/).

Biofloc technology - Water quality control and direct assimilation of nitrogen in aquaculture.
Intensive, high-density fish (shrimp, otheranimals) productionleadsto therelease of high concentrations
of waste products (i.e., feed residues, fish excretions and dead algae). Unlike terrestrial animals, aquatic
animals are totally immersed in this waste stream that often contains toxic components, a situation
leading to the collapse of the system. One means to solve this situation included the replacement of
the used water by fresh clean water. However, this solution is presently not acceptable due to the
waste of clean water, introduction of pathogens and environmental pollution by the disposed water.
The biofloc technology, in a way, can be seen as the ultimate circular nitrogen approach (Figure 9.1).
This technology is based on a minimal to zero water exchange which leads to the build-up of organic
substrates in the water and intensive development of microbial population (10%-10° cells/mL). This
population develops in a way that degrades and metabolizes the organic matter, including deleterious
organic metabolytes (Avnimelech, 2015). Under aerobic conditions, approximately 50% of organic
carbon metabolyzed is converted to CO, and eventually dissipated to the atmosphere. However, most
of the mineralized nitrogen accumulate in the water, since under conditions existing in the pond,
only a small portion of this nitrogen is converted into volatile nitrogenous species and released to the
atmosphere. A large percentage of the excess nitrogen left in the water is made of ammonium, a highly
toxic component to animals in the pond, nitrite, another toxic component, and nitrate. The biofloc
process further deals with the use of the excess nitrogen to produce microbial proteins. The inorganic
nitrogen excreted by the fish (or, e.g., shrimps) are directly assimilated into microbial protein by
heterotrophic bacteria and are being used in-situ as protein rich feed for the fish, thereby creating
a closed-loop system. This is controlled through the addition of carbohydrates (molasses, flour of
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Figure 9.1 Schematic overview of the working principle of the biofloc technology.

wheat, rice or corn, and others) to the water. About 20 g carbohydrate are needed for the assimilation
of 1g nitrogen in protein (about 6.25 g carbohydrate to produce 1g protein) (Avnimelech, 1999).
The carbohydrates can be added separately to conventional feed provided to the pond (traditionally
in the range of 30-50% protein), or by using a feed containing less protein. It is possible to reliably
control the level of inorganic nitrogen through the control of the C/N ratio of feed and feed additives
added to the pond (normally to a C/N ratio of 15-20). The microbial protein produced, present in
the water in the form of bioflocs that can be easily harvested, serves as a good source of protein to
important commercially-grown fishes (tilapia, carps, catfish) and shrimps. Using °N as a tracer to
the microbial protein, it was found that tilapia and shrimp can consume up to 50 and 25% of their
protein requirement, respectively (Avnimelech & Kochba, 2009; Burford et al., 2004). This can be an
important means to reduce production costs to the farmers, by saving both protein and feed amounts.

The assimilation of nitrogen into microbial protein, essentially representing a recycling of non-
utilized feed protein, are being practiced in a commercial scale in ponds of varying sizes (ranging
from 100 to ~10 000 m?). The present development of biofloc technology systems all over the world
may contribute to very significant nitrogen recycling in aquatic feed production (Avnimelech, 2015).

ValPromic Technology. The promic concept, a patented concept by Avecom (Ghent, Belgium)
(http://avecom.be/product/promic-microbial-protein), is based on direct assimilation of nitrogen (and
phosphate) present in the wastewater by a mixed culture of heterotrophic bacteria (Figure 9.2). A key
difference with the biofloc concept is that wastewater from the food and beverage industry is treated
without the opportunity to directly use the produced microbial protein on-site. As such, as explained in
more detail in section 3.3, it requires a dewatering, drying and sterilization step. Moreover, it requires
the use of a fermentation reactor, further adding complexity and capital investment. By the end of
2018, the first full-size demonstration plant of Valpromic is expected to commence operation at a total
capacity of about 5000 ton microbial protein per year from potato process water (see Figure 9.3).

Power-to-Protein. For treatment of domestic wastewater, a very interesting route for upgrading
recovered nitrogen is to combine it with hydrogen and oxygen generated by water electrolysis and
with CO, from biogas, the so-called power to protein concept (https://www.powertoprotein.eu/). A
schematic overview of the concept is provided in the figure below.

The key difference is the need for a ‘bullet-proof’ barrier between the domestic wastewater (and
associated pathogens), from which the reactive nitrogen is recovered, and the microbial production
step. The latter can be achieved by ammonia stripping, and in some instances one could even add a
membrane step to further increase regulator and consumer confidence. The organics present in the
wastewater are used to produce biogas. The produced biogas can subsequently be used to produce a
clean hydrogen gas streams by means of a Combined Cooling Heating and Power unit (CCHP) fed to
the fermentation reactor. As the amount of hydrogen gas produced in this way at best can only account
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Figure 9.3 Schematic representation of the production of microbial protein using hydrogenotrophic bacteria from
domestic wastewater using recovered nitrogen.

for some 12% of the total hydrogen requirements, in order to upgrade all the nitrogen that theoretically
can be recovered from the wastewater, additional hydrogen is produced by means of water electrolysis
driven by renewable energy. The upgrading of stripped nitrogen is currently at pilot scale explored by
the association of KWR (Nieuwegein, The Netherlands) and Avecom (Ghent, Belgium) (https://www.
kwrwater.nl/en/projecten/power-to-protein-pilot-phase-2/). Clearly this domain has quite a way to go
before it becomes of comparative quantitative significance.

9.4 CHALLENGES, OPPORTUNITIES AND RESEARCH NEEDS

Processes to recover nitrogen from wastewater are not new at all. In fact, several mature technologies
with a proven track record have been available on the market for several decades, such as struvite
precipitation (http://ostara.com/nutrient-management-solutions/) and ammonia stripping (http://
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www.nijhuisindustries.com). However, the economic competitiveness of such technologies are
restricted to higher ammonium concentrations such as side-stream process treating digestate.
Technologies that can recover reactive nitrogen from domestic wastewater directly from the main-
stream at an economic competitive price are not available yet. Moreover, it is evident that technologies
to recover nitrogen should always have energy requirements that are lower than the energy
requirement to generate the reactive nitrogen via the Haber-Bosch process. The latter, however, is
in most circumstances not the case with the energy consumption of current and emerging concepts
being higher compared to the Haber-Bosch process (Matassa et al., 2015a). As mentioned before,
production of microbial protein from wastewater free of fecal matter does not require a separation
step and the challenges are mainly related to the microbial production step, which is described in
more detail below.

9.4.1 The microbial production step
Two aspects deserve special attention, namely: (i) the management of the functional microbiome; and
(ii) the harvesting and downstream processing of the biomass.

The management of the functional microbiome. With respect to the management of the functional
microbiome, the following aspects are considered important (Pikaar et al., 2017b):

- Steering the process towards creating suitable microbiomes: the key feature in producing
microbial protein from recovered nitrogen from wastewater is the use of proper microbiomes,
in contrast to using ‘pure’ cultures as practiced in industrial biotechnology. While pure cultures
are ideal from a product stability and quality point of view, such conditions are very hard to
maintain. Therefore, it is important to gain a fundamental understanding about the dynamics
and relative abundances of the different species within the microbiome.

- Quercoming the process limitations of microbiomes: the disadvantages of working with
microbiomes and recovered nitrogen that originates from wastewater are considerable and must
be addressed with an open mindset. First, the operator must create a set of conditions in terms
of pH, dissolved oxygen, temperature, hydraulic and cell residence time, and specific biomass
loading rate so that the microbiome achieves good conversion yields.

« Creating a stable end-product of high quality: it is of crucial importance that the end-product,
that is the microbial biomass which is harvested, has a constant composition in terms of microbial
protein content, crude amino acid composition and quality (i.e., no unwanted microbes present).
Albeit the microbiome does not have to be homogenous and constant in terms of microbial
composition, the overall quality of the end-product in terms of parameters such as percentage
of protein, digestibility, amino acid composition and nucleic acid content has to be stable. At
present, there is a lack of fundamental understanding on how to steer the microbiome in time
so that the mixed culture aerobic fermentation reactors can operate in such a stable way that
the overall quality of the end-product is stable. Obviously, this quality also implies that the final
end-product microbiome should have metabolites (e.g., colour, odour, taste) that are attractive to
the consumer, yet free of allergens at all times. Moreover, at all times, the microbiome needs to
contain only species that comply with the status of GRAS (generally regarded as safe). Normally,
the regulator will impose a set of detection methods for unwanted microorganisms, which are
based on specific targeting by plate cultivation or quantitative PCR. For more insight, in-depth
genomic analysis is also possible. However, currently, there is very little knowledge on how to
install advanced and rapid monitoring of such dynamic microbiomes.

9.4.2 The harvesting of the microbial produced microbial cells

Microbial biomass needs optimal growth conditions for rapid growth, that is doubling times of
hours to a couple of days. Only under such conditions is the cellular biomass very rich in digestible
protein. The matrix in which the microbes are suspended has to have a low density and salt content
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(i.e., conductivity of 10-25 mS/cm). This results in quite dilute suspensions in the order of 5-10 kg
CDM per m3. Therefore, the cells have to concentrate with a factor of at least 10 and the water that
is separated should be of such quality that it can be re-used or discharged at very low cost. Clearly,
the separation is a critical factor and requires considerable development, for instance applying food
grade flocculants can improve this step. Once the thick slurry is obtained, it can be further processed
in several ways. It can be stabilized by decreasing the pH and used in liquid feeding. It can also be
dried to a final product to be used for food, feed or as an organic fertilizer. Yet, the handling of the
5-10% slurry should be of such a nature that the material is not allowed to deteriorate in quality
and it must furthermore preserve the quality of the proteinaceous compounds. Drying can cause the
conversion of the proteins to Maillard products which can alter the taste, odour and digestibility.
The major challenge is to remove the water at low costs. The use of techniques to rapidly and
safely dry the harvested microbial biomass by using low value (waste) heat is an issue of critical
importance.

9.4.3 Economic and environmental competitiveness

The aerobic fermentation process used to recover the nitrogen has to be evaluated against other
processes in terms of economy and environmental impact. Normally, to remove 1kg of reactive
nitrogen from domestic wastewater by means of the conventional nitrification, the overall costs for
aeration and electron donor to denitrify are of the order of €2-4 per kg reactive nitrogen. In the case
of microbial production, it is clear that the overall costs will be substantially higher. Hence, the key
feature for microbial protein to become a viable alternative in the future is to produce an end-product
of high-quality that has a high market value similar to fish meal. Due to the microbial growth, 1 kg of
nitrogen recovered from the wastewater becomes about 6.25 kg of microbial protein (or 8.9 kg CDM
at a crude protein content of 70%).

Considering a WWTP with a capacity of 250 000 PE, this equals to almost 30 tons of microbial
protein per day. This microbial biomass can subsequently enter the value chain. The value of food
protein (100% active substance such as Quorn(™)) is at present of the order of €3-30 per kg. That of
feed protein in the form of fish meal is of the order of €1-2 Euro per kg. That of organic fertilizer is
of the order of some €0.2 per kg. Hence, in the case of food and feed, upgrading of nitrogen could
potentially be rewarding. However, as the costs for reactive nitrogen only represent a small fraction
in the overall production costs for microbial protein, one needs to consider very carefully in which
case the implementation of recovered nitrogen will be beneficial. Another key feature is of course
that the microbial-based protein is indeed fully accepted in the market and can be valorized at
such prices relative to other sources of quality protein. In the case of slow-release organic fertilizer,
the overall economy appears negative. Yet, the use of slow-release organic fertilizer is expected to
represent environmental benefits compared to the use of inorganic fertilizer such as a reduction in
nitrogen emissions, increased soil organic carbon content and water holding capacity. In case the
microbial is used as animal feed, it is expected to come with several environmental benefits, reduction
in greenhouse gas emissions due to land use change (LULUC), pesticides, water use, soil erosion,
nitrogen and phosphorus pollution (Pikaar et al., 2017a). Life Cycle Analysis allows to scout for these
potential unexpected environmental impacts.

9.5 CHAPTER SUMMARY

In this chapter, we first described the environmental limitations of nitrogen dissipation pathways
in wastewater management. Subsequently, we indicated the need to recover the ammonium from
wastewater in its reactive form. In particular, we have examined the opportunities to recover
ammonium from industrial and domestic wastewater streams and to upgrade it to microbial biomass,
rich in protein (i.e., microbial protein) through the implementation of an aerobic fermentation
process. The microbial biomass generated in such aerobic conversion can, depending on the quality,
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be used as a protein rich supplement in livestock husbandry as well as aquaculture or as slow-release
organic fertilizer. Such forms of upgraded mineral N have can help to alleviate the global nitrogen
pollution burden. It should be noted that provided the microbial protein is produced from clean food
grade inputs, it can be used as a meat replacement in human consumption, similar to other microbial
biomass products such as Quorn™. Clearly, such upgrade requires a careful dialogue with the
consumer and regulator in order to create sufficient consumer confidence and regulatory acceptance.

There are different aerobic fermentation approaches that can be used using different types
of microorganisms. In this chapter, we have described aerobic microbial fermentation using
organotrophic, autotrophic bacteria, chemo-lithotrophic and anaerobic fermentation using photo-
lithotrophic bacteria, all of which are relevant for various used water treatment applications. We
have also discussed the key differences in terms of design criteria, operation and maintenance and
challenges for each of these microbial protein production pathways. An important difference between
the various approaches described is the wastewater origin in terms of presence or absence of fecal
matter, pathogens and waterborne viruses. In case the wastewater matrix is considered ‘clean’, which
is the case for specific process waters originating from the food and beverage industry, one can adopt
direct assimilation approaches. In case of fecal contaminated wastewater like domestic waster, a
strict barrier, for example via a gas phase, between the wastewater from which the reactive nitrogen
is recovered and the microbial production step needs to be implemented. Finally, we have described
the main challenges, opportunities and research needs to achieve a widespread implementation of
microbial protein production from various process and used waters.

9.6 EXERCISES
Exercise 9.1: Consider the following stoichiometry for the oxidation of methane:

CH, +2H,0 — CO, +8H" + 8¢~

Methane is a very stable molecule that provides little energy for cell growth; typically only 20%
of available energy is utilized for cell growth. Develop overall mass balance equations for a process
where methane is used as an electron donor for biomass production and anomia is used as a nitrogen
source and a negligible decay rat. Note: assume biomass stoichiometry of C;H,O, N (s).

Exercise 9.2: Consider the example where bacteria grow using starch as an electron donor and
ammonium as a nitrogen source. The cell yield is 0.5 in terms of electrons going respectively to energy
(i.e., catabolism) and to cell synthesis (i.e., anabolism). Develop overall mass balance equations for this
process. Given the mass balance equations, calculate the amount of starch needed in order to produce
10 tons per day of microbial protein (on a dry solids basis). Note: assume biomass stoichiometry of
Cs;H,0, N (s).

Exercise 9.3: Consider the following:

(@) If the typical composition of hydrogenotrophic biomass is CH,,,0,4N,o. Present the
elemental compositions as mass fractions. If all nitrogen is present as protein, determine the
protein content as a fraction of CDM.

(b) Hydrogen gas is to be generated using electrolysis at a rate of 20 kg H, gas per MWh electricity.
If a 50 MW hydrolysis cell is used to generate feed for the production of protein biomass,
determine the maximum rate of biomass production per hour for a cell yield of 0.3 kg CDM per
kg COD-H,.

(c) For the process in (b), determine the mass of nitrogen that must be supplied for complete
uptake of H, gas.

(d) If (i) hydrogen at a rate of 20 kg H, gas per MWh electricity and nitrogen is produced using
Haber-Bosch at an energy cost of 10 MWh/ton N and energy costs are €50/MWh, determine
if this process is feasible when bulk microbial protein is valued at €1/kg CDM.
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Exercise 9.4: Consider the following:

(@) The typical composition of PPB is given as CH, ;O 55N, ;5. Write a balanced chemical equation
for the oxidation of PPB and use this equation to determine the COD to CDM ratio of PPB.

(b) If the typical composition of purple phototrophic biomass is CH, 4N, 30, 35P 0, Present the
elemental compositions as mass fractions. If all nitrogen is present as protein, determine the
protein content as a fraction of CDM.

(c) Research shows that a photobioreactor with a light intensity of 50 W m~2 will produce purple
phototrophic bacteria at an average areal productivity of 20 g CDM/m?2.d. Estimate the
illuminated surface of the photobioreactor required to produce enough protein to sustain 600
average people (assume 70 kg/person). What is the energy requirement to light this reactor?

Exercise 9.5: Assume that 1 kg of organic matter dry weight represents approximately 1 kg chemical
oxygen demand (COD) (in reality this differs somewhat depending on the type of organics, e.g., fats
or sugars), which represents the amount of oxygen needed to oxidize the organic matter present.
Generally 1 kg of COD, such as sugar or starch, when consumed by rapidly growing microbial cells,
gives rise to 0.4 kg CDM. The latter, when consisting out of young cells (1-5 days cell residence time),
contains approximately 70% protein. Considering the above, how much carbohydrates are required to
tie up 1 kg of reactive nitrogen in microbial biomass.

Exercise 9.6: Assume that 1 kg of organic matter dry weight represents approximately 1 kg COD
(in reality this differs somewhat depending on the type of organics, e.g., fats, acetate or sugars), which
represents the amount of oxygen needed to oxidize the organic matter present. Considering that
1 kg of acetate gives rise to 0.66 kg CDM using PPB. The latter contains approximately 70% protein.
Considering the above, how much acetate is required to tie up 1 kg of reactive nitrogen in microbial
biomass using PPB.

Exercise 9.7: A soft drink manufacturing process produces 0.5 ML/day of concentrated industrial
wastewater with the composition shown in the table below:

Ccomponent concentration
COD 120 g/L

VFA 70 g/L
Alcohols 20g/L

TKN 94 mg/L
NH,-N 30 mg/L

Total P 104 mg/L
PO,-P 92 mg/L

(@) If no external nitrogen is added to the wastewater (i.e., only nitrogen in the wastewater can be
used for growth), calculate: (i) the maximum rate of biomass production; and (ii) the maximum
rate of protein production that can be generated each day using fast growing organotrophic
biomass (cell yield of 0.38 kg CDM per kg COD and protein content of 70%).

(b) Estimate the dose rate of external nitrogen that must be supplied in order to convert all COD
in the wastewater into fast growing organ tropic biomass. Calculate the biomass production
under these conditions.

(c) If no external nitrogen is added to the wastewater, calculate: (i) the maximum rate of biomass
production; and (ii) the maximum rate of protein production that can be generated each day
using purple phototrophic biomass (cell yield of 0.62 kg CDM per kg COD and protein content
of 70%).

(d) Estimate the dose rate of external nitrogen that must be supplied in order to convert all COD
in the wastewater into PPB. Calculate the biomass production under these conditions.
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Exercise 9.8: A meat processing plant produces 3 ML/day of industrial wastewater with an average
daily composition shown in the table below:

Component Concentration
COD 5500 mg/L
VFA 1200 g/L

TKN 460 mg/L
NH,-N 230 mg/L

TP 120 mg/L
PO,-P 80 mg/L

(a) If wastewater discharge costs are €1.0/kg COD, €2.0/kg N and €2.5/kg P, calculate the
discharge costs without wastewater treatment.

(b) If the wastewater is to be treated using PPB, calculate: (i) the maximum rate of biomass
production; and (ii) the maximum rate of protein production that can be generated each day
(cell yield of 0.62 kg CDM per kg COD and protein content of 70%).

(c) Using a biomass composition of CH;¢N;;50,35Po02 assume complete conversion of the
limiting component and estimate the COD, N and P composition of treated wastewater after
production and harvesting of PPB.

(d) Using an areal productivity of 20 g CDM/m?.d, calculate the required photobioreactor area for
this process.

(e) Initial cost benefit assessments estimate the capital costs for the PPB process at €40/m?,
biomass production costs are estimated at €1/kg CDM and costs to harvest and process the
biomass are estimated at €2/kg CDM. The biomass product is valued at €2/kg CDM. If the
plant life is 20 years, and the hurdle return on investment is 15%, determine the preliminary
economic feasibility of the process.

Exercise 9.9: The wastewater generated in a potato factory has the following typical composition:
10 g/L of starch, NH,-N = 0.5 g/L and ortho-P = 0.1 g/L. This water, subjected to inoculation with
a proper seed culture and aeration in a reactor will in a time period of 2-3 days convert the starch,
ammonium and phosphate present in the water to microbial biomass. Actually, some 4 g CDM per
L will be obtained (yield: 0.4 kg CDM per kg starch converted). Assume a starch removal efficiency
of the process of 96%. Considering the above-described COD/N/P ratio, yield and typical biomass
composition of young cells, calculate the expected effluent concentrations in terms of N and P that
can be achieved through assimilation of the N and P into microbial biomass.

9.7 DISCUSSION QUESTIONS

Question 9.1: What is the large scale potential of microbial protein? (palm oil industry): Consider the
case for which palm oil waste is upgraded by adding recovered ammonium sulphate N. The latter is
obtained at zero cost because it is the result of a stripping process of gases and the level of the nitrogen
in the recovered product is variable which makes it difficult to directly apply as a crop fertilizer.
Consider that the reactor operates at a loading rate of 10 kg COD per m? reactor per day. Also take
into account that the palm oil waste has a tipping fee of €100 per ton. What is the cost of microbial
biomass-based fertilizer under conditions where downstream processing of the biomass (separation/
drying) can be considered to be covered by heat generated by other processes within the factory.
Question 9.2: The public acceptance of microbial protein from recovered nitrogen? (public
acceptance, cultural differences): Recovered nitrogen will with some part of the public raise questions
in terms of acceptability, depending on its final use, food, animal food or slow release fertilizer. To
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convince the consumer, discuss the following number of other processes in which used nitrogen is
recycled in the food chain. Examples are crop fertilized with manure or compost, mushrooms grown
on chicken manure, the biofloc technology used to upgrade fish feces to microbial protein, for example.

Question 9.3: Worth the trouble? (sustainability on a planetarylevel). Of the total amount of nitrogen
entering the biosphere (soil/water) every year by means of the Haber-Bosch process, percentage wise
only a relative small fraction ultimately ends up in domestic wastewater. We can develop technology
to recover this amount and upgrade it into a valuable protein source or slow release fertilizer, but
considering the complexity of this concept compared to the conventional activated sludge process and/
or recent emerging technologies, such as anammox and Nereda, is it worthwhile to invest in creating
such a paradigm shift in urban wastewater management? In your discussion, take into account that
worldwide a substantial part of the wastewater is discharged untreated back into the environment.
Should we invest in those problems first?

Question 9.4: Worth the trouble of taking such a risk? (utility management, technology): As the
innovation manager of a large water utility, you are in charge of reorganizing the existing water
infrastructure from its current situation to a more circular approach within a timeframe of 15 years.
You have heard of the production of microbial protein using recovered nitrogen (as schematized in
Figure 9.1). You are enthusiastic about such an approach but you are wondering why you would take
such a risk? Your job is to ensure that the wastewater is treated to below discharge limits, thereby
protecting the environment and the community, which is difficult enough. You are asked to give
a presentation to the board of directors in which you evaluate the current status and justify your
masterplan. Would you focus on the microbial production as the key innovative process or would you
focus on less break-through technology concepts. What are your key considerations/motivations with
respect to your decision?

Question 9.5: What is the economic potential (economics, market potential): As described in this
chapter, a key factor governing production performance is the rate by which the bacteria consume
the electron donor and use it to grow. The microbiome must at all instances assure a good rate of
conversion because the capital investment on the hardware is quite high. If, for instance, a reactor
costs in capital investment some €5000 per m? installed reactor capacity, and it generates some 10 kg
of end-product (microbial protein cell dry weight) per day at a gross margin of €1 per kg protein, then
the payback for the capex at 220 production days per year is in the order of 2200: (220 x 10 x 1) = 2.3
year. Industrial investors often prefer payback periods of that order or less than that. Note that this
is a rough estimate, not taking into account the operational cost and also assuming a very high gross
margin per kg protein produced. Assume you are the business developer of an international company
in the food and beverage industry that wants to improve the sustainability of their wastewater facilities
worldwide. Evaluate the economic potential and practical feasibility of the full-scale implementation
of: (i) organotrophic production; (ii) photo-lithotrophic; or (iii) chemo-lithotrophic microorganisms.
Clearly indicate the key design criteria, the limitations of each of the routes, and estimate the expected
operational costs.
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10.1 INTRODUCTION

Nitrogen (N), phosphorus (P) and sulfur (S) are essential nutrients and key to food production security,
and primary components of fertilizers, for example for agriculture, energy crops (e.g., bioethanol) and
aquaculture. They are also used in the pharmaceutical, chemical, automotive and aerospace industries
to produce chemicals, medicines, smart devices, aeroplanes parts and car batteries and so on. Hence,
nutrients are critical to a number of industries. N, P and S production is costly and resource intensive.
For example, the Haber-Bosch process for N fertilizer production represents about 1-2% of the total
world energy consumption (Matassa ef al., 2015). It uses non-renewable natural gas, and is responsible
for an estimated 1.2% of greenhouse emissions worldwide. Moreover, P is a ‘disappearing nutrient’
and was placed on the Critical Raw Material (CRM) list in 2014 by the European Commission. This
is a critical problem in the agricultural sector since P, together with N and potassium, are the main
macronutrients for inorganic fertilizers. S is similarly an important agricultural nutrient, atmospheric
S deposits continue to decline, and intensification of agriculture has taken up high amounts of S in
soils (Hinckley ef al., 2020).
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Wastewater is a rich source of N, P and S. N enters as ammonium and organic N from urine and
industrial discharges, P from phosphates from human and animal wastes, detergents, and food wastes,
and S as sulfate or sulfide from chemical coagulants in drinking water production, human wastes, and
industrial discharges (Egle ef al., 2015; Galloway et al., 2014; Pikaar et al., 2014). The traditional focus
of wastewater treatment processes has been to remove nutrients in order to protect public health,
assets, and the environment. This is because excessive N and P in water leads to eutrophication which
damages aquatic ecosystems (Robles et al., 2020). Moreover, high S loadings in wastewater treatment
plants (WWTPs) lead to noxious gaseous emissions, corrosion (e.g., pipes), inhibition of wastewater
microbial activities, and acid rain if biosolids or biogas are combusted. Sulfide-induced concrete
corrosion has been recognized as the main cause of sewer system deterioration (Pikaar et al., 2014).

WWTPs have typically employed biological approaches to remove N via destructive dissipative
processes and a combination of chemical and biological treatments to remove P from municipal
wastewaters (McCarty, 2018; Oehmen ef al., 2007). S removal from municipal wastewaters is not
currently widely implemented. Given the increasing demand in fertilizers to meet global food demands,
however, the importance and urgency of recovering nutrients continues to grow. Consequently there
has been much interest in technologies that can recover N, P and S from wastewater.

Technologies used to recover N, P and S from wastewater will be discussed in this chapter and
include:

« Precovery, specifically by formation of the mineral struvite, from centrate or P-rich agricultural/
industrial wastewaters; and

- N recovery via ammonia removal by stripping and subsequent recovery, as applied to high
strength industrial waters (e.g., landfill leachates) and digestate from anaerobic digestion;

« Elemental S recovery by bio-conversion to H,S, and subsequent absorption and/or oxidation.
The same process can be applied to treat industrial off-gases rich in H,S.

The principles, technologies and case studies for these nutrient recovery processes are presented
here, along with relevant challenges and opportunities for N, S and P recovery.

10.2 LEARNING OBJECTIVES
At the completion of this chapter you should be able to:

+ Explain the fundamental principles of struvite formation, ammonia stripping/absorption, and
sulfur conversion and recovery processes.

« Describe the key design criteria and performance parameters for relevant nutrient recovery
processes.

- Characterize and examine specific challenges for struvite precipitation, ammonia stripping and
sulfur recovery processes, given specific case studies.

- Evaluate resource recovery options for struvite precipitation, ammonia stripping/absorption
and sulfur recovery processes, given a specific application scenario and water composition.

10.3 PHOSPHORUS RECOVERY — THE ESSENTIAL AND DWINDLING NUTRIENT

P is an essential nutrient, and has no substitute in biological functions. Shortages threaten global
food security, which are exacerbated by rising population. Moreover, the movement from fossil fuels
to biofuels increases P demand, as the growing market for fuel crops further increases the demand for
fertilizers (Reijnders, 2014). Technological development has also found use for P in pharmaceuticals,
household and energy products, placing further pressure on P supply (Chen et al., 2019; Reijnders,
2014; Yan et al., 2018). It is estimated that the current use of P globally is >30 million tons year!
(Reijnders, 2014).
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Figure 10.1 Various rock phosphate peak production estimates and depletion rates (with permission from Cordell
and White (2015)).

Increased use of fertilizers has led to widespread environmental problems, such as enhanced
eutrophication effects which has caused widespread algal blooms. This is detrimental to ecosystems
as algal blooms reduce the concentration of nutrients available and the penetration of sunlight into
the photic zone. The reduced primary productivity and anoxia that ensue threaten the local food
chain. Furthermore, algal blooms can be toxic (Sekula-Wood et al., 2009), and impact on utilities and
services, such as bathing water quality control and tourism.

Non-renewable P is predominately refined from the apatite group (Cas;(PO,)s(OH, F, Cl)). Apatite
deposits are heterogeneous occurring in many geological settings. This poses problems when
estimating global P reserves. Current estimates for when P reserves will be depleted and thus vary
widely from 100 to 400 years (Figure 10.1). Estimates in phosphate ore reserves range from 70 to 300
billion tons (U.S. Geological Survey, 2019) and research models estimate that there are between 67
and 110 billion tons of refined phosphate (25-30 wt% P,O;) (Springer, 2017). The uncertainty about
availability contributes to a very volatile ore-born P market and pricing.

A recent census showed EU members import nearly 100% of their phosphate fertilizers (Figure 10.2).
To cope with increasing fertilizer demand, the EU have put in place several protocols to reduce the
use of P where possible, such as reducing the concentrations of P in washing detergents (De Ridder
et al., 2012), thereby relieving pressures on P demand and reducing P input from grey wastewater.
Regardless, alternative strategies for reducing dependence on P imports and recycling nutrients are
required to ensure food security.

10.3.1 Conceptual overview - struvite precipitation
Active P recovery from wastewater has been implemented for the past 20 years or so in various
different forms. The most common P-rich material recovered is struvite. It has been estimated that in
2020 between 990 and 1250 ton P was recovered as struvite in the EU (Muys et al., 2021).

Struvite precipitation occurs by a phase change where the constituent ions, magnesium (Mg?*),
ammonium (NH,*) and phosphate (PO,3"), previously dissolved in wastewater, precipitate out to form
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Figure 10.2 Nations’ dependence on imported phosphate fertilizers as of 2010 (with permission from Cordell and
White (2015)).

a crystalline mineral called struvite (NH,MgPO, + 6H,0O(s)). The struvite precipitation reaction is as
follows:

Mg?*(aq) + NH,*(aq) + PO,* (aq) + 6H,0 — NH,MgPO, « 6H,0(s) (10.1)

Six water molecules are bound in the crystal structure per mole of struvite formed. The struvite
crystals can then be separated from the wastewater, enabling the recovery of N as ammonia and P as
phosphate. The usefulness of the struvite process lies in:

- struvite formation upconcentrating N and P from the wastewater liquid phase by as much as 2-3
orders of magnitude into the mineral solid phase; and

« the struvite crystal being highly selective for Mg?+, NH,* and PO,3-, resulting in a high struvite
purity and excluding contaminants in the bulk wastewater phase.

To form struvite, N and P have to be in mineralized form (i.e., P as phosphate and N as ammonium).
Within the water/wastewater context, organic P and organic N are biologically hydrolyzed into
phosphate and ammoniacal N, respectively. This often causes maintenance challenges around
WWTPs, when conditions become conducive to struvite forming in unwanted places in pipes,
pumps and equipment, causing inorganic scale issues requiring frequent maintenance (Figure 10.3)
(Le Corre, 2006; Shaddel et al., 2019). However, the intentional minerals precipitation process, as
outlined in this chapter, aims to promote struvite formation in a controlled way in a reaction vessel.
This has the added benefit of preventing its unwanted formation in other parts of a WWTP.

10.3.1.1 Factors affecting struvite precipitation - equilibrium and solubility

Struvite precipitation is bi-directional reaction (indicated by a bi-directional arrow in Equation (10.2)).
This means that the reaction occurs significantly and simultaneously in both the forwards and the
backwards directions, resulting in simultaneous formation and dissolution of struvite, respectively.
Bi-directional reactions eventually attain equilibrium and then satisfy an equilibrium relationship.



Nutrient recovery from water and wastewater 249

Figure 10.3 Unwanted inorganic scale within water pipework.

The equilibrium relationship for struvite is typically written for the reaction with the mineral phase
on the left hand side as follows (the reverse of Equation (10.1) above):

NH,MgPO, « 6H,0(s) = Mg**(aq) + NH,"(aq) + PO,* (aq) + 6H,0 (10.2)
with the corresponding equilibrium relationship being:

2+ + 3-
Koo strav = (Mg (aq))eq ><(NH4 (aq))eq ><(PO4 (aq))eq (10.3)
where K, ., is the equilibrium constant (10-132¢ (Ohlinger et al., 1998)), dependent only on
temperature (and to a lesser extent pressure), and (Mg2?*(aq))., (NH,*(aq))., (PO,-(aq))., are
chemical activities of the participating ions representing their ‘reactive concentrations’. Note that
the equilibrium relationship does not include the chemical activities of struvite and water, because
these are equal to 1 with wastewater being mostly water and struvite being considered a mostly pure
crystalline substance.

The equilibrium relationship formulated in terms of concentrations of ions in solution applies a
multiplier-correction as follows:

(X) =[X]x (10.4)

where [X] is the concentration of the hypothetical compound X, ~; is its multiplier correction factor
commonly termed an activity coefficient, and (X) is the chemical activity as above. The equilibrium
relationship for struvite is then expanded as follows:

Ksp,stmv = (’YMg X [Mg2+(aq)Lq) X

YNHy X [NHH(aQ)Lq) (10.5)

X (’YP04 X [PO43_(aQ)] )

eq

where [Mg?*(aq)le,, [NH,*(aq)le, PO, (aq)l., are the concentrations of the respective ions in the
wastewater at equilibrium and vy, ynus and ypo4 are their respective activity coefficients.
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The value of the activity coefficient is commonly estimated by an empirical correlation. One such
correlation which is commonly used is the Davies equation, which is affected by the charge or valency
(z,) of a respective constituent (X) as follows:

logio(7i) = —AzA(I"?/(1 + I?) — 0.241) (10.6)

where A is a constant (= 0.5085 M-12at 25°C) that depends on the dielectric constant and temperature,
and [ is the ionic strength of the wastewater liquid solution, calculated as follows:

I=1/2%mz? (10.7)

where m, is the molal concentration (mol/kg) of the respective constituent, which for a typical
wastewater can be approximated as its molar concentration (mol/L). The Davies equation appears to
be comparable to other more complex activity coefficient models up to I = 0.2 molal (Tait et al., 2012).
Activity coefficients of neutral ion pairs (see further below) can also be estimated as follows:

logo (%‘) =l (10.8)

where «; is 0.1. Following the form of the equilibrium relationship in Equation (10.6), it is common to
calculate an ion activity product (IAP) as follows:

IAPyuy = (v X [Mg?* (aq)]) x (s, x[NH," (aq)]) (10.9)

x('ypo4 X [POf’(aq)D

where in this case the concentrations of the respective ions may not be at equilibrium.
A mathematical variant of Equation (10.9), commonly termed the saturation index (SI) value, is
calculated as follows:

SIstruv = lOglO

IIAPstruv ] (10 . 10)

sp,struv

SI,.., and IAP,,, are very important for design and operation of struvite precipitation processes
and are also used to predict and prevent inorganic scale formation. If IAP,,, > K, sruy (i-€., Slgpuy > 0),
then struvite will precipitate to attain equilibrium (Equation (10.3)). Such conditions are commonly
referred to as ‘supersaturated’. In contrast, if IAP,,, < K, sy (i-€., Slg,, < 0) and if struvite mineral
phase is present, then the struvite will want to dissolve to attain equilibrium (Equation (10.1)). Such
conditions are commonly referred to as ‘unsaturated’.

When IAP,,, =Kgspsruy then S, =0 and conditions are at equilibrium, representing the
solubility conditions of struvite in the wastewater.

Equation (10.9) importantly shows that struvite precipitation can be induced by adding any of the
participating ions as a chemical reagent. For example, to induce struvite formation to remove and
recover PO,3- and NH,*, Mg?* can be added as magnesium chloride, magnesium oxide, magnesium
hydroxide or other, to increase IAP,,, so that SI,,, > 0. This is common practice with struvite reactors.

10.3.1.2 Factors affecting struvite precipitation - lon pairing

The struvite precipitation reaction competes with ion pairing reactions for ions in the wastewater
liquid phase. These reactions occur in the wastewater liquid phase and form ion pairs without
undergoing a phase change. Some relevant ion pairs that compete with struvite include the reactions:

Mg**(aq) + PO,* (aq) < MgPO, (aq) (10.11)
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and

H*(aq) + PO, (aq) — HPO,* (aq) (10.12)

which compete with struvite precipitation for Mg?*(aq) (Equation (10.11)) and PO, 3(aq) (Equations
(10.11) and (10.12)). This must be considered in the design and operation of struvite precipitation
processes. Some ion pairs carry a charge (MgPO, (aq)), while others are uncharged (MgHPO,(aq)),
and this influences the activity coefficient calculations (Equations (10.6) and (10.8)). Some ion pairing
reactions are weak acid-base reactions (Equation (10.12)) and this influences struvite precipitation via
pH of a wastewater, by increasing or decreasing the competition with a weak acid-base ion pair. This
is illustrated in Figure 10.4 which shows a phase diagram for struvite in a wastewater with phosphate
as the limiting reagent. Generally, higher pH tends to favor the formation of struvite because it
reduces competition with the weak acid-base phosphate system, specifically for PO,-3(aq) (Figure
10.4). However, high pH conditions can inadvertently exist in filters and turbulent flow areas, when
localized aeration causes CO, stripping and a pH increase, amd this is a cause for unwanted struvite
scale formation in such locations (Le Corre, 2006).

Fortunately, ion pairing reactions are rapid when compared to the struvite precipitation reaction.
Consequently, ion pairing reactions are usually at equilibrium and their impact on struvite precipitation
can be readily estimated using well-established aqueous equilibrium models. Such models are available
as standalone software packages (e.g., PhreeqC, introduced in this chapter) or have been incorporated
into commercial wastewater modelling packages (e.g., BioWin, Sumol9). These models calculate the
resulting free ion concentrations [Mg?*(aq)l.,, [NH,*(aq)l., and [PO,>(aq)]., at equilibrium with the
various relevant ion pairs, and then these concentrations can be used to calculate AP, or Sl,,, via
Equations (10.9) and (10.10). These can then be used to determine if a wastewater is supersaturated or
undersaturated, and thus whether struvite will precipitate or dissolve.
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Figure 10.4 Phase diagram for ion pairing and struvite in water, with phosphate as limiting reagent. The diagram
illustrates the effect of the phosphate weak acid-base system via pH and the influence of an ion pair with magnesium.
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10.3.1.3 Worked exercise 1a
As an illustrated example consider a wastewater containing 200 mg P/L as phosphate, 1000 mg N/L
as ammoniacal N (i.e., NH,*(aq) + NHs(aq)), 100 mg Mg/L and 2550 mg/L of choride as measured by
an analytical laboratory (these are total concentrations and include all ion pairs and free ions), at pH
6.12 and 25°C. We will use the model software package PhreeqC with the Minteq.dat model database
to determine whether this wastewater is supersaturated or undersaturated with respect to struvite.

PhreeqC is available for download at https://www.usgs.gov/software/phreeqc-version-3. PhreeqC
is free to use within the constraints of its User Rights Notice, available at https://water.usgs.gov/water-
resources/software/PHREEQC/Phreeqc_UserRightsNotice.txt. The wastewater composition above
is entered into PhreeqC, and the thermodynamic database used by the model is set to Minteq.dat.
Figure 10.5 presents a screenshot of the text-based coding window corresponding to the wastewater
composition input.

When the model is run, the following concentrations are calculated:

[Total PO,*] =200 mg P/L = 6.482 x 103 molal;
[Total Mg*] = 100 mg Mg/L = 4.129 x 10-3 molal,
[Total NH,*] = 1000 mg N/L = 7.167 x 10-2 molal;

*again, these are total concentrations, including the free-form ion and all ion pairs.
Ion pair and free form ion concentrations are determined by the model, as shown in Figure 10.6.
Figure 10.6 shows that a large proportion of the phosphate and a moderate proportion of the
magnesium in the wastewater is paired with other ions as follows:

[PO, 3(aq)]/[Total PO,*| = 1.54 x 10-9/6.482 x 103 =2.376 x 107
with H,PO,(aq) representing the majority ion pair with phosphate, and
[Mg?+(aq)]/[Total Mg*| = 3.49 x 10-3/4.129 x 103 = 0.845

% PHREEQC Interactive - [struvite_1]

%Eile Edit |Insert View Options Window Help
DEEG| & =@ &R |@| A

Jlnitial conditions & 88y X B = § O ® X 5| o

| Forward and inverse modeling & @ § = <> & A& K I g o

X | SOLUTION 1
EI~@ Input files t.;mp 2519 3
7 i P Sxennrge
[#) struvite_1 Oa 0
redox re
units mg/1l
density ak
P 200
N{-3) 1000
Mg 100
Cl 2550
-water 1l g kg
END

Figure 10.5 Simulation coding window (input) for PhreeqC simulation — Step 1a.
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Figure 10.6 Simulation results window (output) for PhreeqC simulation — Step 1a.

with MgHPO, representing the majority ion pair with magnesium, and as a result the concentrations
of the free ions that participate in struvite formation are [PO,3(aq)] = 1.54 x 10° molal;
[Mg*2(aq)] = 3.49 x 103 molal; and [NH,*(aq)] = 7.16 x 10-2 molal. PhreeqC also calculates activity
coefficients (e.g., Davies equation, Equation (10.6)) and estimates the ionic strength (I =0.08319

molal) for this purpose.

Figure 10.6 shows the following activity coefficients: log,o(yyg ) = —0.348 S0 g, = 0.449;
log;o(Yxhas) = —0.119 50 Yy, = 0.760; 10g;5(7po4-3) = —0.898 50 Ypo4.5 = 0.126.

IAP and SI

struv struv

at these wastewater conditions can then be calculated as follows:

IAP,y = (yMg X [Mg“(aq)]) X (“mm X [NHH(aq)D X (7p04 X [POf‘(aq)D
=(0.449x3.49%x1073 % 0.760 x 7.16 x 1072 x 0.126 x 1.54 x 107°)

=1.655x10""orl

0—13478

(Ksp,struv = 10713‘26)
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and

0—13.78

IAPstruV
1 0—13.26

sp,struv

Sy = loglo = l0810

] =-0.521

whichshowsthatIAP,,, < K, ¢ andSl,,, < 0andthatthe wastewater conditions are undersaturated
with respect to struvite. Hence, struvite will not form, and if the mineral phase was present it will
instead dissolve to attain equilibrium.

10.3.1.4 Worked exercise 1b

If sodium hydroxide (NaOH) was added to the wastewater in exercise 1a above, so that the amount of
sodium in the wastewater composition is now instead 184 mg/L, the PhreeqC model can calculate the
resulting increase in pH using an ionic charge balance. The modelling input and outputs are shown in
Figures 10.7 and 10.8, respectively. Note how the equilibrium data for struvite precipitation has now
been added into the model (Figure 10.7) because it was not previously in the model database. In the
coding, log_k refers to the common logarithm of the solubility product constant, which in the case of
struvite is —13.26 (K, gy = 1071%26).

The results show that pH of the wastewater will rise to 7.98. Moreover, the simulation now
gives free ions concentrations of [PO,3(aq)] = 6.098 x 107 molal; [Mg*(aq)] = 2.402 x 103 molal;
[NH,*(aq)] = 6.890 x 102 molal; and I = 0.08849 molal, from which IAP,,, = 107114 > K ... and
Sl .ww = 1.86. These show that by adding NaOH to increase the wastewater pH, conditions have been

Forward and inversemodeling @ @ § = > & & K I @ oo
X | SOLUTION 1

MgNH4PO4: 6H20 = Mg+2 + NH4+ + P0O4-3 + 6H20

log_k

END

[5-2 Input files temp 25
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&2 Simulation 1 pe 0
(1 Simulation 2 redox pe
unitcs mg/1
density 1
P 200
N(-3) 1000 |
Mg 100
Na 184
C1 2550
-water 1 # kg
PHASES
Struvite

-13.26

Figure 10.7 Simulation coding window (input) for PhreeqC simulation — Step 1b.
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(2 Reading input data for simulation 2.

Initial solution 1.

lution iti
Elements Molality Moles
c1 7.222e-02 7.222e-02
Mg 4.130e-03 4.130e-03
N(-3) 7.1€8e-02 7.1€8e-02
Na 2.03¢€e-03 8.03€e-03
P €.483e-03 €.483e-03

ion of soluti

pH = 7.981 Charge balance
pe = 0.000
Activity of water = 0.997
Ionic strength (mol/kgw) 8.850e-02
Mass of water (kg) 1.000e+00
Total alkalinity (eq/kg) = $.278e-03
Total carbon (mol/kg) 0.000e+00
Total CO2 (mol/kg) 0.000e+00
Temperature (°C) = 25.00
Electrical balance (eq) 1.089e-17
Percent error, 100*(Cat-|2An|)/(Cat+|An]|) 0.00
Iterations 10
Total H 1.113025e+02

Total O = 5.553215e+01

istribution of speci

**For a gas, SI = loglO(fugacity). Fugacity = pressure * phi / 1 atm.
For ideal gases, phi = 1.

Reading input data for simmlation 2.

2 it S Output [ S Detabase | & Eror « | »

End of Run after 0.232 Seconds.

Log Log Log mole V
Species Molality Activity Molality Activity Garma cm®/mol
OH- 1.245e-0€ 9.599e-07  -5.905  -€.018  -0.113 ()
Ht 1.257e-08  1.044e-08  -7.501  -7.581  -0.081 0.00
H20 5.55le+0l  9.573e-01 1.744  -0.001 0.000 18.07
c1 7.222e-02
c1- 7.222e-02  §5.529e-02  -1.141  -1.257  -0.11€ ()
H(0) 1.5lle-19
H2 7.557e-20  7.713e-20 -19.122 -15.113 0.009 ()
Mg 4.130e-03
Mg+2 2.402e-03  1.0€4e-03  -2.620  -2.573  -0.353 ()
MgHPO4 1.333e-03  1.3€0e-03  -2.875  -2.8€€ 0.009 ()
MgPO4— 3.830e-04 3.047e-04  -3.417  -3.51€  -0.059 (0)
MgH2PO4+ 1.252e-05  5.957e-06  -4.303  -5.002  -0.059 (0)
MgOH+ 2.0€8e-07 1.€70e-07  -€.€84  -€.777  -0.093 ()
N(-3) 7.1€8e-02
NH4+ €.890e-02  5.203e-02  -l1.1€2  -1.284  -0.122 ()
NHZ 2.784e-03  2.84le-03  -2.555  -2.547 0.00% (0)
Na 8.03€e-03
Na+ 8.00%e-03  €.32€e-03  -2.09€  -2.18  -0.102 (0)
NaHPO4- 2.€48e-05 2.107e-05  -4.577  -4.€7€  -0.059 (0)
o(0) 0.000e+00
02 0.000e+00  0.000e+00 -54.1€€  -54.157 0.009 ()
P €.483e-03
HPO4-2 4.3€7e-03 1.708e-03  -2.3€0  -2.7€8  -0.408 (0)
MgHPO4 1.333e-03  1.3€0e-03  -2.875  -2.8€€ 0.009 (0)
MgPO4- 3.830e-04 3.047e-04  -3.417  -3.51€  -0.099 ()
H2PO4- 3.€0%e-04 2.87le-04  -3.443  -3.542  -0.099 (0)
NaHPO4- 2.€48e-05 2.107e-05  -4.577  -4.€7€  -0.09% (0)
MgH2PO4+ 1.252e-05  5.957e-0€  -4.903  -5.002  -0.059 )
PO4-3 €.098e-07 7.377e-08  -€.215  -7.132  -0.917 ()
H3PO4 4.120e-10  4.204e-10  -9.385  -$.37€ 0.009 (0)
ion indi
Phase SI** log IAP log K(298 K, 1 atm)
Brucite -3.80 12.95  1€.79 Mg(OH)2 )
Halite -5.04 -3.46  1.58 NaCl SI calcuation
02(g) -51.20 31.92 83.12 02 i
Periclase -8.52 12.55 21.51 MgO results are given
Struvite 1.8¢ -13.26 MgNH4PO4:€H20 here

Figure 10.8 Simulation results window (output) for PhreeqC simulation — Step 1b.
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changed from being undersaturated to being supersaturated, and instead struvite can now precipitate
to attain equilibrium. This is primarily because the proportion of [PO,3(aq)]/[Total PO,*| has increased
by decreasing the level of competition with the phosphate weak acid-base system.

10.3.1.5 Struvite nucleation, crystal growth and crystal morphology

Struvite precipitation occurs by new crystals nucleating and then growing and/or existing struvite
crystals growing (Figure 10.9). Nucleation generally requires higher levels of supersaturation than
for growth because, for nucleation to occur, a chemical energy barrier has to be overcome to produce
nuclei (Mersmann, 2001). There are two main types of nucleation, primary nucleation which occurs
in the absence of any pre-existing crystals, or secondary nucleation which occurs in the presence of at
least one crystal (Mersmann, 2001).

The level of supersaturation required for primary nucleation to occur is usually greater than for
secondary nucleation to occur because the presence of a crystal catalyzes secondary nucleation
(Mersmann, 2001). Levels of supersaturation required for primary nucleation can be estimated from
measurements of an induction time, which is the time taken for a supersaturated wastewater void
of any struvite crystals to form a measurable number of nuclei (Mehta & Batstone, 2013). In such
cases, a higher level of supersaturation generally decreases the measured induction time. However,
the presence of struvite crystals is often ubiquitous around WWTPs, especially in the sludge line
(see further below). Thus, secondary nucleation is expected to be the most important nucleation
mechanism in industrial struvite reactors.

Once crystals have nucleated they can grow, either as single crystals by layered growth, or by
aggregation with multiple crystals then forming interparticle bridges and growing together as
combined crystal masses, termed agglomeration growth. Agglomeration growth has been suggested to
be important for struvite precipitation in commercial systems (Galbraith et al., 2014). Crystal growth
rate generally increases with an increasing level of supersaturation (Mersmann, 2001).

Struvite crystal morphology is controlled by crystal growth which is predominantly influenced by
the extent of supersaturation. Specifically, dendritic, fibrous and irregular crystals are favored under
conditions of high supersaturation (Figure 10.10). The concentration of ammoniacal N also has an
effect with more irregular crystal morphologies resulting from higher ammoniacal N concentrations
with increased supersaturation (Figure 10.10) (Shaddel et al., 2019). An increase in pH promotes
a shift from Zone 1 to Zone 3-type crystals (Figure 10.10) (Shaddel et al., 2019). Factors affecting
struvite aggregation have also been researched due to their impact on struvite yield (Le Corre, 2006;
Shaddel et al., 2019).
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Figure 10.9 Crystal nucleation and growth processes.
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Figure 10.10 Impacts of varying supersaturation, ammonia and pH on struvite crystal morphology (adapted from
Shaddel et al. (2019)).

Struvite crystal size is also important from an application perspective. Specifically, larger struvite
crystals may be favorable for fertilizers due to ease of handling, transportation, and application
(Li et al., 2019a). However, the surface area/volume ratio may also be important as this would
influence dissolution in soils and thus nutrient release properties (Li et al., 2019a, 2019b) in fertilizer
applications.

Overall, to control struvite crystal size, nucleation and particle growth processes have to be
balanced by controlling levels of supersaturation in industrial processes. Specifically, a higher initial
supersaturation may increase nucleation rate and produce several small particles that grow rapidly
to quench the remaining supersaturation (Shaddel et al., 2019). In contrast, a slow nucleation rate
combined with a moderate crystal growth rate may produce a crystal product with a larger size. Some
struvite precipitation processes use seed materials to promote struvite precipitation to increase particle
size and improve the product purity (Le Corre et al., 2009; Li et al., 2019a, 2019b). Other reactor
systems are designed to control supersaturation in various compartments of the precipitation reactor
(see further below), to control nucleation and growth processes. The mass-based struvite formation
rate (.4, moles per L per h) which includes nucleation and growth, has been reliably represented in
wastewater treatment process models by a rate expression (Mbamba et al., 2015, Equation (10.13)):

3

(10.13)

1/3
IAPS ruv
Foryst = kcryst 'Xcryst' t] -1

Ksp,struv

where k., is an empirical rate coefficient (with units of per h) and X, is struvite crystal concentration
(with units of moles/L). This shows that struvite precipitation rate is catalyzed by the presence of
struvite mineral phase. This can be used favorably for struvite reactor design and operation. For
example, if magnesium/alkali reagent and/or raw water feed can be added in regions of a struvite
reactor with high struvite crystal content (e.g., a settled crystal bed at the base of a reactor, or in
locations where seed crystals are added), then the supersaturation that would result can be rapidly



258 Resource Recovery from Water: Principles and Application

consumed by a fast struvite precipitation rate catalyzed by a high crystal content. This then prevents
high supersaturation hotspots to minimize nucleation of poorly settleable fine crystals that would
wash out and be lost with the reactor effluent.

10.3.2 Struvite precipitation — applications and design

Struvite recovery can be implemented on the sludge line of a WWTP to treat digestate or centrate
produced from anaerobic digestion of sewage sludge with P > 50 mg/L (Figure 10.11). Within this
context, N and P are accumulated in sludge which is subsequently released by hydrolysis within the
anaerobic digestion stage. This results in phosphate and ammonia at concentrations well in excess
of that in the water mainline of the WWTP, which is then more suitable for struvite precipitation
(Sena & Hicks, 2018). Other industrial and agricultural wastewater streams have also been previously
explored for P recovery by struvite precipitation, including food processing and rare-earth processing
wastewaters with typically high phosphate contents (Kataki et al., 2016; Ma et al., 2018). High
phosphate in such cases usually results from biological decay processes (e.g., manure storage) or from
the addition of industrial phosphate-based chemicals.

The influent is commonly dosed with magnesium compounds, typically MgCl,, Mg(OH), or MgO,
to increase supersaturation and induce struvite precipitation. The concentration of magnesium can
be dosed to ensure that, stoichiometrically, to exceed a minimum molar ratio of Mg:P > 1:1 (Le Corre
et al., 2009). Additionally, pH must be adjusted for most wastewater influents because municipal
wastewater pH varies between 7 and 8 while optimum struvite precipitation occurs at pH > 8.5 (Le
Corre et al., 2009). For increasing pH in struvite recovery processes, either the wastewater is aerated,
which strips CO,, or an alkali reagent can be dosed (i.e., NaOH or Mg(OH),). Adding NaOH to raise
pH and MgCl, as magnesium source may be preferred from an operational perspective so that pH
and magnesium dose can be varied independently. However, NaOH is more costly and currently less
economical than alternatives for pH adjustments (Muhmood et al., 2019).

Reagent dissolution of Mg(OH), or MgO can be limited by high pH, or by the precipitation of
struvite that can coat magnesium reagent particles added as a slurry to the struvite process, thereby
preventing further dissolution and reaction of the magnesium reagent (Romero-Guiza et al., 2015).
This may increase the requirement for magnesium reagent when using Mg(OH), or MgO. Calcium (e.g.,
from Ca(OH),) is an impurity that can negatively influence struvite formation and co-precipitates with
phosphate as calcium phosphate minerals competing with struvite formation (Le Corre et al., 2009).

Magnesium compound

Biogas

Raw sludge

Sludge | 1

— —

Tank
wl N L2
Stripping

Struvite

Figure 10.11 Simplified schematic of a sludge treatment section of a wastewater treatment plant with struvite
precipitation.
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This can especially be the case when molar ratios Mg:Ca > 1:1, at which struvite formation can be
limited and even inhibited (Le Corre et al., 2009).

10.3.2.1 Worked exercise 1c — magnesium reagent requirements

As an illustrated example of how to determine magnesium requirements to achieve a certain desired
P removal, consider the wastewater from exercise 1b at pH 7.98. The PhreeqC simulation will now
precipitate struvite from this wastewater until equilibrium is attained (i.e., until SI = 0). To do this,
struvite mineral phase is added to the model input. For this, a nominal amount of 0.01 moles of
struvite is added to 1 L of wastewater in the simulation to allow PhreeqC to precipitate the struvite.
Figure 10.12 shows the resulting simulation input window.

The results of the simulation are presented in Figure 10.13. Approximately 3.465 x 10-3 moles of
struvite precipitated from 1 L of the wastewater (See ‘Delta’ for struvite under ‘Phase assemblage’)
until equilibrium was attained. As a result of struvite precipitation, wastewater pH had also
decreased from 7.98 to 7.14. This is expected and is a result of the removal of NH,* and PO, * which
initiates a flow-on effect on ion pairs in the wastewater to overall liberate a net amount of H+ into
the wastewater and thereby decrease the wastewater pH. Consequently, struvite processes may
have an on-going alkali demand to maintain an elevated pH for struvite precipitation to continue.
The results also show that total P content had decreased from 6.483 x 10-3 molal (200 mg/L) to
3.020 x 103 molal (~94 mg/L), or a P removal/recovery of 53% was achieved. It is also apparent that
the residual magnesium concentration after struvite precipitation has now decreased to a negligible

&8 PHREEQC Interactive - [struvite_1c]
% ile Edit Inset View Options Window Help
DEE@| ¢ 2B &R[E] An

| nitial conditions & &8 § X B = § &> % X 3| e
| Forward and inverse modeling &F @ § = > & &' K I

X | PHASES
@ Input files Struvite
@) struvite_1c MgNH4PO4: 6H20 = Mg+2 + NH4+ + PO4-3 + 6H20
log_ k -13.26
SOLUTION 1
tenmp 25
pH 6.12 charge
pe 0
redox pe
units mg/1
density 1.
P 200
N(-3) 1000
Mg 100
Na 184
Cl 2550

-water 1 # kg

EQUILIBRIUM PHASES 1
Struvite O 0.01

END

Figure 10.12 Simulation coding window (input) for PhreeqC simulation — Exercise 1c.
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Elements Molality Moles
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Mg 6.655e-04 6.652e-04
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Figure 10.13 Simulation results for PhreeqC simulation — Exercise 1c.

6.655 x 10~* molal (~16 mg/L), whilst ammoniacal N content had reduced comparatively little, down
to 6.824 x 102 molal (~955 mg/L). This indicates that magnesium is the limiting reagent and that
ammoniacal N was in large molar stoichiometric excess for struvite formation, as is typical for many
wastewaters, including in the sludge line of a WWTP. This is why a magnesium reagent is often needed
to increase P recovery as struvite, and also why the extent of N removal by struvite precipitation is
typically low (Mehta et al., 2015) unless a phosphate source is added to instead target N removal (Li
et al., 2019a, 2019b).

To achieve the desired >85% P recovery, the mineral Brucite (Mg(OH),) could be added to the
simulation together with struvite. This can be done under the Phases ‘Equilibrium_Phases’ tab, or can
be typed directly into the simulation command window as follows:

EQUILIBRIUM_PHASES 1
Struvite 0 0.01
Brucite 0 0.002

When the simulation is then rerun with this amount of brucite added, the final pH after struvite
precipitation is 7.66 and the final Pis 8.36 x 104 molal (~26 mg/L). Alternatively, magnesium chloride
could be set up as a highly soluble phase (a nominal very large log_k value) as follows:

PHASES
Magnesium_chloride

MgCl, = Mg+ + 2Cl-
log_k 100 000 000
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and a separate alkali such as sodium hydroxide set-up:

PHASES
Sodium_hydroxide

NaOH = Na+ + OH-
log_k 100 000 000

and a combination of these added to the simulation, instead of Brucite, until the desired 85% P
removal is achieved.

In addition to the chemical requirements to control the stiochiometry and yield of struvite recovery,
other process design features are implemented to achieve better control of formation and separation of
struvite crystals. For this, it is important to prevent supersaturation hotspots and excessive nucleation
while still promoting precipitation growth. Chemical reagents responsible for increasing/maintaining
supersaturation may hence be added:

- directly into a well-mixed reaction zone together with fresh influent and a high struvite crystal
concentration; or

- into areas of a reactor where there are low residual phosphate concentrations with a subsequent
recycle to a well-mixed reaction zone where fresh influent is added and a high crystal content
is present.

In addition, commercial designs incorporate these important features of precipitation/reaction,
and also settling separation in different ways by altering:

- the hydraulic design of the reactor, for example to promote high flow in certain parts of a reactor
with homogeneous mixing, and to slow down flow in other parts of the reactor to allow settling-
separation of struvite crystals;

- the operational parameters, such as agitation speed, flowrate of a fluidization medium (gas or
liquid), or influent flow rate;

+ by varying the location and amount of chemicals added; and

« controlling pH.

These features would influence the construction costs of the struvite reactor, and also operational
costs, such as energy costs and chemical costs.

Particle settling separation aims to retain fine struvite crystals so that they do not wash out with
the effluent, and grow into a desired coarse crystal product. In struvite crystallizers, this settling can
be achieved either with an inbuilt settling zone or an external settling tank that is separate to the
struvite reactor. It is important to note that settling of particles in a bed of crystals can transition
from free settling at a low solids concentration (e.g., Stoke’s law) to hindered settling at a high solids
concentration. Fluid up-flow velocity is also important and the various fluidization regimes are
illustrated below (Figure 10.14).

The most common configurations of struvite recovery systems are: (i) fluidized bed reactors (FBR);
and (ii) continuously stirred tank reactors (CSTR) (Li et al., 2019a, 2019b). FBR is a continuous
process where fresh influent is constantly pumped into the reactor to fluidize the struvite crystals
to grow (Figure 10.15), whereas CSTR are typically operated in batch or semi-continuous mode
with mechanical stirring (Figure 10.16). Reported phosphate recovery processes using struvite are
summarized in Table 10.1.

The basic principles of the FBR design and operation include: constant influent flow, sometimes
including return effluent to maintain fluid velocity when influent rate fluctuates (Figure 10.15) to
maintain up-flow velocity in a reaction zone; and establishing supersaturated conditions within the
reaction zone to promote struvite precipitation (Figure 10.15). Crystals will continue to grow until
their settling velocity exceeds the up-flow velocity of the FBR (Figure 10.15). The precipitate can then
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Fixed bed Incipient Fast
regime fluidisation

Figure 10.14 Fluidization regimes as a function of fluid velocity (adapted from University of Florida (2015)).
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Figure 10.15 Schematic representation of a fluidized bed reactor (FBR), where dewatering liquors from a Biological
Nutrient Removal (BNR) wastewater treatment plant is pumped at a constant flow into the bottom of the reactor
and mixed with return effluent. Zone a = mixing and struvite reaction zone, nucleated struvite settles into zones b
and c = struvite growth/aggregation zone and collection.
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Figure 10.16 Schematic representation of a continuous stirred tank reactor (CSTR) design for struvite recovery in
WWTPS.

be recovered from the base of the FBR using a mesh guard, dewatered, and dried for reuse (Figure
10.15). Ostara’s Pearl® technology and Royal Haskoning DHV’s Crystalactor® technology utilizes
FBR struvite recovery at municipal WWTPs across the globe (Table 10.1). The Pearl® process also
uses sand grains to seed struvite nucleation and ensure concentric growth to produce more aesthetic
struvite that are easier to separate via settling and have properties that allow for direct application
after drying of the recovered product.

The settling of a bed of struvite crystals in a FBR can help detach the solids/crystal retention
time from the hydraulic retention time, so that crystals can be harvested in batch, whilst the liquid
throughput occurs continuously (Le Corre ef al., 2009). The time constant for struvite precipitation
in terms of phosphate removal appears to be in the order of hours (Mbamba ef al., 2015) rather than
days as for biological processes. Hydraulic retention times can be as short as 1-2 hours (Munch &
Barr, 2001). Simoes ef al. (2018) suggested retention times for chemical struvite precipitation in FBRs
to be in the range of 0.5-9 hours based on the cited literature studies of Ueno and Fujii (2001) and Le
Corre et al. (2009). This indicates that a reasonable hydraulic retention time could be around 2 hours.
The crystal retention time, in contrast, has to be much longer, in the order of days (Le Corre et al.,
2009). For example, around 10 days was required to allow sufficient time for growth of 0.5-1.0 mm
struvite pellets (Ueno & Fujii, 2001). Similar results were noted by Le Corre et al. (2009) from other
literature studies.



Resource Recovery from Water: Principles and Application

264

Aueurron s)res-3IN
‘PUBQIIASIIIN jo Surso "Hd sasearour
Kep/ayanns STMNON-DIA [eAowdI | pue ¢Q) soaouwrdl agpn[s 1030831 | (SS) 98pnys
no'xar-d-mmm 3 0001 000 S66 600C | d %S6-06 Pa1SASIp Jo UONRIAY | II[ 118 g a3emog Wi X1V
eranas/syonpoid 19)BMIISBM
/SUOIIN[0S/UJ/ WO Surxiw prdey redorunw
'$9130[0UD9)10)eMEI[00A | ABD/0IANIIS ad 000 2L STewud Ood-d '6-8 Hd s1ognq HOBN | wXTWoqiny, pue
mmm//sdyy 8011 | T/d 3w ST I03UIS[oH ‘9T0C %06-08 ‘syfes-3] Jo Suisoq MISO | [eImynoudy wiBIANIIS
19)BMI)SBM
[edrorunu
1eak OMIAY "HN-N O3S Suippe pue gXOwweuy
/onAnns | 4d 000 091 ~UQWIOI)SIONBM %06 pue gd Suiseatour °Q) Surssaooxd pue
/lursanbed udy/:sdyy uo) 00t | 1/d 3% 09¢ ‘1102 | YOd-d %08 Surddins ‘uoneroy ¥ISO pooq wbedsoyq
Suipaas
10} pues zyreng) ‘uonippe
1010e[RISAI0-In0QE dIMM s 1o ¢ Surddrins JI9)eMI)Sem
/1030®[R)SAI0/Ud/ WO SPUBLIdYION 10§ uoneIdY (D3N BIA [eLIISNpUI
‘AypSuruosseyefor NYOBqUIBIOUI}SIOD) od-d sronbr] Surrojemap jo pue
mmm//sdyy Hdd 000 0£C wepy Y661 %08-0L JusuIea.d) Wealls opIg gdd [edrorunyy | ,1030€[RISAID
BLET
/9)1ANDS uonIippe
@UIIID) HO®N pue DS eia
381D | Ad 000 009 vSsn ‘uogaiQ N %ST1-0T sionbi] Suriaremap jo JI9jeMI)SBM A3ojouyoay,
wod ere}sommm//:dpy uo} 009 ‘1/d4 8w 08 dIMM ‘6002 | YOd-d %08 JUSUI}EDT) WIBAIIS IPIS ugd [edorunpy Hlread
jueid
(d1geonddy Ayoeded |lelJawiwiod  Aaualdiyyl adAL
949Y/M) 9}Isgam SPIBIA /9ZIS jue|d 1sii4  A1ano029y $S920.d juswiieall 1010eay juanpul  ASojouyoal

((61L02) S81103S $S920ns wiojield ayeydsoyd ueadoin3
pue (9L02) ‘e 18 perey wody pardepe) dLMM e Sassadold A1anodal areydsoyd ajeas-uoielisuowap 1o a|qe|ieAe Ajjeiosawiod Jo sejdwex3 L'oL ajgeL



http://www.ostara.com
https://www.royalhaskoningdhv.com/en/crystalactor/about-crystalactor
https://www.royalhaskoningdhv.com/en/crystalactor/about-crystalactor
https://www.royalhaskoningdhv.com/en/crystalactor/about-crystalactor
https://www.royalhaskoningdhv.com/en/crystalactor/about-crystalactor
https://en.paques.nl/
https://www.veoliawatertechnologies.com/en/solutions/products/struvia
https://www.veoliawatertechnologies.com/en/solutions/products/struvia
https://www.veoliawatertechnologies.com/en/solutions/products/struvia
https://www.veoliawatertechnologies.com/en/solutions/products/struvia
http://www.p-rex.eu

265

Nutrient recovery from water and wastewater

‘JusjeAinba uoneindod - 34

sproe/suonedrdde proe s[eow Aaeoy
sudydyd-xapur/wod | ouoydsoyd Ure}dl SOURIqUIWOUBN
‘duBIqUISWISWE ‘sTerowr ‘sp1jos papuadsns
mmm//:dNy (6102) Raeoy YOd*H se d 9AOUIdI 0} PAIdL sardoour]da],
“Iv 32 LIdTULI Bd papAoay %09 01 dn 33eYORI] ‘UONRIYIPIOY LSO VSS SV
Pa31937[0d
Se[s UOA "PId® OJUI
HPuw-a4 Po[[1ISIP pu® pazijejoA St
f0d°H 10 d "0,00¢T e paq pasped 1030€21 (VSS) (Teorwayd
/810°soydooarmmm | I9ZI[1119J8¢d yse woij 4 uo0qIed [BULIdY)O0IIII[ [eurIay) yse a8pn[s -01199[9)
//:d1Y (2102) S0YJooay |  S0UJ029Y %001 01 dn oy ind ySS -0129[q a3emag SOUYJ029Y
HO®BN
s[ejow pue {(HO)SIA Sursn
Aavay pue uoneydioard aianas
Rep/ayanns Auewidn ‘qLMM ‘d pue s[elow Aoy SS/syuanypo
8 0¢¢ Hdd 000 0S wIoyjio ‘£00¢ areredas 0} uoneOIPIOY 41sSO av auroqeag
so[nuerd
SIIZI[11I3] punoue s3jeadoNuU
9SBI[AI MO[S 010C wanuojod | uoneydoard-q ‘ssanuerd Spaq 1Y
aIe sa[nueId 9JUIS U9pam§ ut j08/d | (991uojod) fOISRD OIS Spaq | J19jeMd)SEM 2dN[NqI0S
powre[ooy speadjsurief + 0001 Sw 001 ‘OB 1040 UOnRN[I] | paje[nueln | [BIN}NOLIZY | pue ,d}1uo[0d
sionbi|
wod N %02 HO®BN Sur1a1emap
“JISOAIRYULIOJ ) NUI' MMM VSN oyepI ‘2102 “0d %08 pue °[D3A jo Suisoq ugd adpnis av WLIOJ[NIAL



http://www.multiformharvest.com
http://www.multiformharvest.com
http://www.recophos.org/
http://www.recophos.org/
http://www.amsmembrane.com/index.php/en/applications/acids
http://www.amsmembrane.com/index.php/en/applications/acids
http://www.amsmembrane.com/index.php/en/applications/acids
http://www.amsmembrane.com/index.php/en/applications/acids

266 Resource Recovery from Water: Principles and Application

In a CSTR crystallization reactor, pH modification takes place through the addition of an alkaline
chemical, and propeller or turbine mixing is provided within the reactor (Figure 10.16). Baffles are
added to prevent the formation of vorteces which could be detrimental to crystal growth. Turbines
create a radial flow, causing intensive turbulence and increased fluid shearing to produce finer
precipitates, which can be desirable in some cases (Regy ef al., 2001).

The Struvia™ process is an example of a CSTR based technology for struvite recovery (Table 10.1)
(Brockmann, 2015). The process treats nutrient-rich effluents from industries or dewatering sludge
liquors. The CSTR includes a proprietary mixing technology (Turbomix®) and a lamella settler. The
influent is first mixed, dosed with magnesium salts, buffered to pH 8-9 and then passed through the
enhanced mixing system. The latter encourages crystal formation and growth, reduces reaction time
and improves the efficiency of chemicals added. The integrated lamella settler ensures the separation
of the produced struvite and the treated effluent that is returned to the head of the WWTP works.
The collected struvite is then dried and processed into organo-mineral fertilizers for agricultural use.

10.3.3 Struvite precipitation - case studies of full scale implementation

Currently, there are an estimated 80 struvite precipitation installations in operation worldwide (Muys
et al., 2021). This section provides three case studies, showing different reactor configurations and
process features.

10.3.3.1 Case study 1 - ostara®’s pearl®

Ostara®s Pearl® nutrient recovery system is a modular process made by Ostara Nutrient Recovery
Technologies Inc. (Vancouver, Canada). The process is adaptable to different nutrient-rich streams
(e.g., sewage sludge liquors, streams from food processing). The wastewater to be treated is first
dosed with Mg, circulated in a fluidized crystal forming reactor, with the pH strictly controlled using
NaOH (Table 10.1). To initiate crystallization, small struvite crystals act as seeds to ensure that the
precipitates grow into granules, fit for distribution after drying. This can be achieved by recycling into
the reactor treated effluent with uncollected struvite crystals. Fluidization of the bed is achieved by a
recycle, which is responsible for maintaining a constant upward velocity in the reactor regardless of
the feed flow. Ostara® markets these granules as Crystal Green® (Figure 10.17), an aesthetic product
designed to improve consumer confidence in recovered nutrient fertilizers.

Figure 10.17 Ostara® struvite granules commercialized as Crystal Green® Ostara pearls (left) and Pearl® Technology
reactor (right).
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Ostara operates at different WWTPs in Europe, including Madrid El Canal Isabell Il WWTP
(FuturEnviro, 2017). The nutrient recovery facility consists of two groups of feed pumps, a
crystallizing reactor and its associated pumps and valves, a draining and drying product step,
a product sorting and packaging step, a programmable logic controller (PLC) cabinet, an engine
control centre, an MgCl, storage tank and an NaOH storage tank. The anaerobic digested sludge
and the overflows of the dehydration and the flotation tanks are fed into the lower part of the
reactor where they are diluted with recirculation water and MgCl, (32%; 100 L/h) and NaOH
(25%; 36 L/h) are injected. Inside the reactor, the struvite precipitates in a controlled way in small
hard granules. At the top of the reactor, an integrated clarifier retains the granules inside the
reactor. The effluent is sent to a tank from where it is pumped to the primary decantation of the
WWTP. Struvite particles are collected from the bottom of the reactor, washed, dried, sorted by
size and packaged for shipment.

Struvite formation rate and its physical properties are controlled in the process so that a high-
quality product is obtained, which allows it to be marketed as a fertilizer. The struvite recovery
system is designed to recover phosphate from a combined feed, in the range of 50-120 m3/h maximum
anaerobically digested sludge, dehydration overflows, and flotation overflows. The reactor is designed
to treat a maximum precipitable P load of 300 kg/day. The installed reactor allows production of up to
2 tons/day of marketable final product, called Crystal Green®. Under optimum operating conditions
and feed quality, 600-700 tons can be produced per year.

10.3.3.2 Case study 2 - Airprex®
A variation of the FBR design uses an airlift system to achieve air stripping of CO, and thus increase
operational pH, and also to provide mixing. An example is the Airprex® process developed by Berliner
Wasserbetriebe (BWB) in cooperation with Technische Universitdt Berlin, which has been installed
to treat a range of anaerobic digestion effluents. Magnesium is added as MgCl, and the airlift design
allows for the digestate to flow upwards in the central compartment of the reactor inside a draft tube,
and down via the annulus region by the downdraft of fluid (Figure 10.18).

Pumping air has a significant energy demand and costs, but the process has been demonstrated
to be attractive due to savings in pH adjustment chemicals and from not requiring dewatering,

to dewatering

MgCI2 _ Effluent Sludge

A"

Influent sludge

(-0

Struvite sludge
to washing

Figure 10.18 Air-lift arrangement of the Airprex® process which both provides mixing as well as CO, stripping to
elevate pH and save on alkali dosing (adapted from P-Rex (2015)).
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because P is recoverable directly from digestate with this process, and not from a centrate. The
struvite product can be crystallized within the wet sludge and hence contains organic and inorganic
impurities. The formed struvite crystals are harvested at the bottom of the reactor. This is done a
few times per day by opening the bottom of the reactor for a minute or two and a mixture of organic
material and struvite crystals is released to a pump, which delivers it to a washing system that
dislodges the organics by floating it to the top of the washer to be decanted back to the treatment
plant headworks.

The largest Airprex operational plant is located in Berliner Wasserbetriebe in Germany with a
capacity of 2000 m3/day of digested sludge, with struvite production of 2.3 ton/day. The AirPrex®
process was said to be the first process that recovered products recognised as fertilizers, by achieving
the official conformity approval and REACH registration. The application of the process is said to be
limited to WWTPs with enhanced biological P removal and P concentrations >50 mg/L PO,-P in the
sludge liquor, even though the product yield can be enhanced by thermal or chemical hydrolysis prior
to digestion to increase P concentration in the sludge digestate (P-Rex, 2015).

10.3.3.3 Case study 3 - Phospaq™

Stoke Bardolph WWTP in the UK serves a population equivalent of approximately 650 000 and has
a unique range of technologies for sludge and centrate treatment, including the BIOPAQ® UASB for
methane production combined with nutrient management, including struvite recovery, through the
Phospaq™ process and N abatement using Anammox® (Table 10.1, Figure 10.19). The Anammox®
promotes BNR in sludge dewatering liquors through deammonification. The deammonificaion process
effluent is then treated by the Phospaq™ process.

The effluent from the Anammox® process is then aerated in two Phospaq™ struvite reactors
(stripping CO, and increasing pH). The influent is dosed with magnesium oxide (MgO) to promote
the precipitation of struvite. In addition to struvite removal, aeration increases the availability of
oxygen for biological reduction of COD. The recovered struvite can be directly applied to land after
drying. The Phospaq™ struvite reactors are equipped with separators that can retain the struvite to
be harvested from the base of each reactor.

The Phospaq™ is said to be feasible for applications with P loadings of more than 100 kg P/d and
P concentrations of 50 mg/L PO,-P or more and N concentrations of 200 mg/L NH,-N or more, and
can achieve a removal efficiency of about 70-95% ( www.paques.com).

The Phospaq™ Process
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Figure 10.19 Combined Anammox® and Phospag™ system (adapted from www.paques.com).
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10.3.4 Struvite precipitation - challenges, opportunities and research needs

10.3.4.1 Struvite as a fertilizer and its value

Mined phosphate used as fertilizer is predominantly refined from the apatite group of minerals (Ca,
(PO,)5(OH, F, Cl)). In the last 10 years, almost 400 studies have been published on the effects of
struvite as a fertilizer. Doyle and Parsons (2002) suggested that struvite is an excellent fertilizer,
due to its low solubility and high N and P content. It has been reported that struvite is at least as
effective a P source for plant nutrition as commercial mineral P fertilizers. In addition, the content
of heavy metals is low compared to phosphate rock. According to Rittman (2011), struvite quality
is comparable to standard fertilizers such as superphosphate and diammonium phosphate. A key
factor for the management of struvite and similar recycled P sources is to increase the bioavailability
and plant P-uptake efficiency (uptake per unit of root surface area) under different soil conditions.
Therefore, knowing how to increase struvite P-use efficiency at different soil pH values will make its
use more reliable as a substitute for rock phosphate (Robles-Aguilar et al., 2019).

The current market price of struvite is estimated to be between €188 and €763 per ton. A recent
study by Muys et al. (2021) estimated typical marketed values between €0 and €100 per ton, with
some products marketed at considerably higher prices of €350 per ton (Phoshorgreen) to €1000 per
ton (Pearl). Around €2-3 per kg in operational cost savings involved in P recovery can be achieved
compared to conventional removal. However, Munch and Bar (2001) said that if struvite is sold as
a boutique fertilizer, a conservative estimation for the selling price could be substantially higher.
Chemical reagent costs strongly influence the economic feasibility of struvite recovery, which can
vary significantly with wastewater composition and the type of chemicals being used (Li et al., 2019a,
2019b). The cost of chemicals for pH adjustment can be greater than that for magnesium addition
(Li et al., 2019a, 2019b).

When considering the economic feasibility of implementing a struvite precipitation process,
it is important to consider associated benefits such as: a potential to reduce the chemical dosage
in traditional P removal techniques and an associated potential to reduce sludge to landfill costs
(Li et al., 2019a, 2019b); eutrophication prevention and an increase in the availability of a renewable
P (Liet al.,2019a, 2019b); and struvite deposition control around a WWTP (Li ef al., 2019a, 2019b). A
recent review (Sena & Hicks, 2018) indicated that the environmental impacts of struvite production
would be comparable to that of P removal by a conventional WWTP.

10.3.4.2 Technological and regulatory considerations

Magnesium is usually the limiting component for struvite crystallization in wastewater. The dosing of
magnesium hydroxide (Mg(OH),) provides a source of magnesium and increases pH, although using
Mg(OH), can destabilize the process as discussed above (Chimenos et al., 2006; Lee et al., 2003). Not
withstanding process stability considerations, the most common sources of magnesium are MgO and
Mg(OH),, despite their low solubility compared to MgCl,-6H,0 and MgSO,-7H,0. The latter are,
however, more expensive.

Ammonia removal by struvite precipitation is generally low in comparison to phosphate removal
because waste streams typically contain a molar excess of ammonia N (Mehta et al., 2015). The molar
excess ammonia then remains in soluble form and is not recovered (Mehta et al., 2015), unless a
phosphate source is added to specifically target ammonia removal (Li ef al., 2019a, 2019b), in which
case ammonia removal extents of up to 99% could be achieved.

Commercialization of struvite as a fertilizer started in Japan in the year 1998 (Ueno & Fujii, 2001).
Struvite is yet to be widely recognized as a fertilizer (with the exception of a few countries). However,
a recent study (Muys et al., 2021) sampled and analyzed struvite from 24 European production plants
and showed that only three of these sampled products failed physicochemical legal limits of the
revised fertilizer regulation issued by the EU in 2019. Specifically, one of the sampled products had a
P content <7% and three samples exceeded the limit for organic carbon content of 3% by dry weight
(Muys et al., 2021). The new fertilizer regulation defines 17 physicochemical and five microbiological
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parameters that a product must meet to be used as a fertilizer or as a component material in N, P, K
fertilizers (Muys et al., 2021).

Microbiological analyzes by the same sampling and analysis study (Muys ef al., 2021) indicated that
struvite may exceed certain legal limits, albeit that struvite crystallization is able to selectively exclude
pathogens (Muys et al., 2021). The study observed that struvite recovered from digestate contained
more pathogens compared to struvite from the dewatering liquor of digestate (Muys et al., 2021). A
gentle drying process (below the decomposition temperature for struvite) may also benefit further
reduction in pathogen contamination in the product (Muys ef al., 2021).

10.3.4.3 Other opportunities for phosphorus recovery and research needs

While struvite remains the dominant marketed fertilizer recovered from wastewaters, the search for
less reactant-intensive and less energy-intense processes for P recovery continues. One possibility is to
recover phosphate as vivianite, which is an iron phosphate mineral found in hydrothermal deposits,
anoxic soils and sewage sludge. It can be used in lithium ion batteries, slow-release fertilizers and
has magnetic properties (Wu ef al., 2019). Iron reduction occurs in anaerobic digesters where sulfate
and methane-reducing bacteria dominate. Reduced iron reacts with phosphate ions to form vivianite
(Fe5(PO,),.8H,0). Vivianite crystallizes in neutral to weak-basic pH, which removes the need for
dosing wastewaters with bases as currently employed in many commercial struvite removal processes.
However, high concentrations of dissolved iron are required, which pose a problem when removing
vivianite crystals from the sludge without incorporating organic matter into the crystals due to the
high sorbent quality of organic matter to heavy metals. Possible solutions are to use magnetic plates
to remove the vivianite crystals or centrifugation (Wu et al., 2019). Further research is needed to
elucidate the factors influencing vivianite crystallization, to enhance its removal, and to ascertain
how best to incorporate it into treatment processes.

Otherstrategiesto add magnesium to wastewater can be considered, including the use of desalination
by-products (e.g., nanofiltration of sea water) that have an adequate magnesium concentration and an
appropriate Mg/Ca-ratio, (Anne et al., 2001), seawater (Matsumiya ef al., 2000) or salt concentrate
(Etter et al., 2011), which can be lower cost alternatives. However, these may contain other ions
which could shift chemical equilibria, negatively impact on struvite formation and crystal growth, and
increase the competition between struvite and calcium minerals.

Another option may be to add lightly-calcined magnesite to wastewater effluents to release
magnesium through hydrolysis at pH 8 (Wei et al., 2019). The released magnesium binds with
ammonium and P remaining in the effluent to form struvite. Initial feasibility analysis of the process
concluded that the cost of this process is just 11% of current commercial chemical struvite recovery
systems (Wei et al., 2019). However, the production of light calcined magnesite requires a readily
available magnesium oxide source; and calcification of the magnesium oxide requires a kiln process
heating the substance between 650 and 800°C for 2 hours. These processes themselves require energy
and resources.

Struvite nanowires are an exciting recovery prospect as the nanowire morphology is better suited
for slow phosphate release (Li ef al., 2019a, 2019b) and could achieve a more positive agronomic
response and greater value. This controlled crystallization method regulates sodium chloride and
pH to produce struvite nanowires in synthetic wastewaters. Findings showed a more pure struvite
achieved in nanowires by regulating sodium chloride at 3.5-4.5 wt% and maintaining a pH of 11 (Li
et al., 2019a, 2019b). However, future studies into this technology would need to address application
to actual wastewater at a larger scale while balancing the costs of materials to buffer the effluent and
reactants to produce struvite nanowires.

Biological crystal formation of P compounds (e.g., struvite; magnesium phosphate, etc.), has been
demonstrated to be a by-product of the metabolism of specific bacteria that can be found frequently in
the environment. Bio-mineral formation refers to a series of processes involving selective extraction,
uptake and incorporation of elements from the local environment into functional structures under
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strict biological control. Organisms can control construction and synthesis of minerals through
changes in local chemistry with different shaping strategies. Compared with inorganic minerals, bio-
minerals are often characterized by greater structural sophistication and morphological diversity,
and biological functions such as structural support, mechanical strength, protection and storage.
Biological struvite (bio-struvite) production has been investigated in sludge dewatering liquors and
activated sludge liquors (Leng & Soares, 2018; Pratt et al., 2012; Simoes et al., 2018; Soares et al.,
2014). Laboratory scale experiments have shown that bacteria which cause the mineralization of
struvite can function in pH from 7 to 10 (Simoes et al., 2018). Furthermore, bacteria can successfully
produce biostruvite in wastewater with phosphate concentrations <19.7 mg P/L, which is favorable
compared to non-biological struvite precipitation processes. The biostruvite produced met fertilizer
purities set by the European Union and heavy metal contaminants remained below directive levels
(Leng & Soares, 2018). This research could improve the feasibility struvite recovery by reducing input
and management costs, while maintaining the value of struvite as a fertilizer. However, these bacteria
need to be tested in mixed cultures and at pilot plant scale to observe the impact competition has on
biostruvite yields and whether controls are needed to ensure the right bacteria thrive which could
incur unforeseen costs.

10.4 NITROGEN RECOVERY BY AMMONIA STRIPPING AND ABSORPTION

Nitrogen (N) in its reactive forms (ammonium, nitrate and nitrite) is essential for feed and food
production for animals and humans (Matassa et al., 2015). Current anthropogenic sources of N are
predominately from chemical fixation using the Haber-Bosch process (100 Mt), with the remainder
sourced from biological crop fixation (35 Mt) and atmospheric deposition in animal rearing (10 Mt)
(Matassa et al., 2015). This provides an almost endless source of N (as reactive ammonia) but the
Haber-Bosch process is energy intensive and a significant source of greenhouse gas emissions.

On the other hand, N is an undesirable contaminant in many industrial, domestic and agricultural
wastewaters. Current treatment technologies commonly aiming for destructive dissipation via
nitrification/denitrification or deammonification using activated sludge processes (Erisman et al.,
2008) rather than N recovery. The loss of ammonia and nitrate to the receiving environment causes
eutrophication, ammonia can be highly toxic to fish and other aquatic life, and N losses cause N,O
emissions.

Due to the growing demand for reactive N fertilizer and anticipated potential adverse effects,
approaches have been proposed to more efficiently convert N into edible protein (Matassa ef al., 2015).
However, technologies and practices are also required to progressively move wastewater management
away from destructive N dissipation towards maximising N recovery and beneficial reuse.

Ammonia stripping and absorptive recovery (Figure 10.20) is among the commercially available
and most established technologies for reactive N recovery from digestate, and other concentrated
wastewaters and manure (Vaneeckhaute et al., 2017). In ammonia stripping, ammonia-rich water is
sparged with a gas (most commonly air), which causes mass transfer of ammonia from the wastewater
to the gas phase. The ammonia in the extrant gas stream can then be recovered via condensation,
absorption, or oxidation, to produce a concentrated fertilizer product (Mehta et al., 2015).

One example of such a product is ammonium sulfate ((NH,),SO,) produced via the subsequent
reaction of ammonia after being absorbed into a sulfuric acid solution. This (NH,),SO, product, if
commercialized, could largely offset the operational costs of ammonia recovery under optimal process
conditions (Vaneeckhaute et al., 2017).

Even though ammonia removal can be as high as 98% (Mehta et al., 2015), commercially
available processes are generally only operated at 80-90% ammonia removal to reduce operating
costs (Vaneeckhaute et al., 2017). Ammonia stripping has high energy and chemical requirements as
further described below, and biological removal processes for ammonia such as deammonification
via Anammox can often be less costly (Vaneeckhaute et al., 2017). However, unlike biological
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Figure 10.20 Schematic illustrating ammonia stripping and subsequent absorptive recovery, where Q,, is
wastewater flowrate with dissolved ammonia gas concentration of Syus,i Qg iS gas flowrate with ammonia
concentration Gyuz,out (<0).

processes, ammonia stripping recovers N, and can also remove odorous compounds and dust particles
(Vaneeckhaute et al., 2017). Ammonia stripping technology could thus be competitive when there is a
significant commercial N-demand (Vaneeckhaute et al., 2017).

In addition to producing a concentrated ammonia-based fertilizer product, ammonia recovery
from wastewater and digestate can provide other benefits such as (Anaergia, 2020):

- reduced ammonia concentrations to be land-applied to meet nutrient management requirements;

+ reduced potential for ammonia toxicity in anaerobic digestion of high N feedstocks; and

+ reduced ammonia loads associated with returned activated sludge and centrate returned to the
main water line of a WWTP for biological nutrient removal.

10.4.1 Conceptual overview — ammonia stripping and absorption

Ammonia stripping does not target N forms other than ammoniacal N, and therefore requires organic N
to be mineralized into ammonia N prior to recovery. The mass transfer of ammonia from a liquid to gas
(stripping), and subsequently from a gas to a liquid (absorptive recovery), is driven by a concentration
driving force. This concentration driving force is the difference between dissolved (actual) ammonia
concentration in the water phase ((NH;(aq)]) and the solubility concentration of ammonia [NH;(aq)].,in
that water if it was to be at equilibrium with the contacted gas phase, as follows:

Niws = Kya|[NHs(aq)] ~[NH;(aq)] ) (10.14)
where N’yy; is the molar transfer rate of ammonia and K;a is the overall mass transfer coefficient
defined in terms of liquid-phase concentrations.

An important concept in gas-liquid transfer is the two-film theory, where overall resistance to gas—
liquid mass transfer could include a resistance to mass transfer on the gas-side of the transfer interface
across a ‘gas film’ and separately a resistance to mass transfer on the liquid-side of the same transfer
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interface across a ‘liquid film’ (Treybal, 1981). This leads to a relationship between an overall mass
transfer coefficient K;a (as above) and the separate liquid and gas film mass transfer coefficients (k,a
and kga, respectively) as follows (Treybal, 1981):

1t 1 (10.15)
KLa kLa KH'kGa

where K, is the Henry’s Law constant. This applies to relatively dilute liquid and gas phases at low
to moderate pressures (as is the case with ammonia stripping from wastewater). The equilibrium
solubility conditions described by Henry’s law are as follows:

Puns = Kunus '[NHz (aQ)} (10.16)

eq
where Kj; s is the Henry’s law constant for ammonia gas in water at a corresponding process
temperature, and Pyy; is the partial pressure of ammonia in the gas phase. The units of the Henry’s
law constant can differ from that corresponding to Equation (10.16), for example if gas composition is
defined in mole fraction instead of partial pressure.

As aresult of an acid-base ion pairin water, ammoniacal N is present in two forms; ammonium ions
(NH,"), and free ammonia (NHj;, identical to dissolved ammonia gas):

NH," (aq) <> NH;(aq) + H" (aq) (10.17)
Importantly, only NH; participates in gas-liquid mass transfer, not NH,*. The proportion of total

ammoniacal N [that is NH;(aq) + NH,*(aq)| that is NH; is influenced by pH according to the following
relationship:

[NH; (aq)] %100 — Knnay - 'YNHAfrH %100 (10.18)
([NH3 (aqn + {NH4+ (aq)]) (KNH4+ “YnH4+ +107P "YNHz)

The value of Kyy,, (= 10-°252) for the reaction in Equation (10.17) is affected by temperature, and
this effect of temperature can be empirically described by a van’t Hoff relationship, as follows:
K(1)

K(1)

_ AH°
R

1 1

_1 (10.19)
L T

which relates the equilibrium constants K(T,) and K(T,) at two temperatures T, and T, in degrees K,
respectively, and where R is the universal gas law constant (8.3145 x 103 kJ per mol per K), and AH°
is the standard enthalpy of reaction (52.22 kJ per mol for the reaction in Equation (10.17) at 298 K).

The resulting ion pairing effects can also be calculated at various pH and temperature values using
PhreeqC (see section 10.3.1) with the following code:

SOLUTION 1
temp 25

pH 8

pe 4

redox pe
units mg/L
density 1
N(-3) 1000

C1 0.01 charge
- water 1 # kg
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Note in this code that the simulation is set to balance ionic charge in the water by altering the
concentration of a nominal inert counter-ion, in this case chloride, to ensure that the simulation
correctly aligns its calculations with the nominally set pH value. To visualize the effects, the values
of ynusr and yngs were nominally set equal to unity, and the resulting proportions of NH;(aq)
calculated using Equation (10.18) with temperature corrections via Equation (10.19). The results are
presented in Figure 10.21, showing that the proportion of NH;(aq) increases at elevated temperature
and elevated pH. This is important for ammonia stripping because the efficiency of stripping relies
on ammoniacal N being predominately present as NH;(aq). The stripping unit is typically operated
at an elevated pH of between 10.8 and 11.5 (United States Environmental Protection Agency, 2000).
While chemical pH adjustment can be used, a potentially efficient means to elevate pH of anaerobic
digestate is to pre-sparge with air to strip off dissolved carbon dioxide (CO,), and because CO, is a
weak acid, its removal causes a pH rise. The extent to which pH can be elevated in this way depends
on background alkalinity (Vaneeckhaute et al., 2017). Alternatively, it may be possible to elevate
temperature using waste heat if available from onsite engine generators running on biogas from
anaerobic digestion.

If ammonium sulfate is produced by scrubbing, with sulfuric acid solution used as the extractant
liquid, the acidic pH conditions will rapidly convert any NH; extracted from the gas phase into
NH, + . This then keeps the concentration of NH; in the liquid phase low and encourages efficient
mass transfer from the gas phase to the liquid phase. The final product can be concentrated up to 38%,
yielding a liquid fertilizer of 8-0-0-9 (mass%) as N-P-K-S, and can be further crystallized and dried to
yield a dry prilled fertilizer with an analysis of 21-0-0-24 (mass%) as N-P-K-S. The ammonium sulfate
crystallization reaction is as follows:

2NH," (aq) + SO, 2 (aq) — (NH,), SO, (s) (10.20)
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Figure 10.21 Proportion of ammoniacal nitrogen as free ammonia (NH,), as a function of wastewater pH and
operating temperature (°C).
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10.4.2 Ammonia stripping and absorption - applications and design

While several possible process configurations could provide the close gas-liquid contact necessary for
ammonia stripping and absorption (including plate, spray and bubble columns, and agitated vessels),
ammonia stripping processes to date have mostly used packed columns (Vaneeckhaute et al., 2017).
Other than packed columns using structured or random packing, columns can instead be fitted with
sieve plates or bubble cap trays to provide the close contact between the gas and liquid phases. In these
cases the column is not liquid-filled, but is instead operated to limit pressure drop to gas flow, to prevent
flooding of the column with liquid or carryover of the liquid into the gas stream (i.e., entrainment),
and to ensure that liquid flow is distributed as evenly as possible across the path of the gas flow. In the
case of packed columns applied to anaerobic digestate, the main technical challenge to date has been
scaling and fouling of the packing material, and the resulting high energy and chemical requirements,
such as for lime softening (Vaneeckhaute ef al., 2017). Carbonate scale formation can also be an issue,
and this could be reduced with prior stripping of CO, (Vaneeckhaute et al., 2017). This has the added
benefit of saving chemicals required to raise pH to increase the fraction of NH; (Figure 10.21).

The tendency for minerals to precipitate (including struvite and other calcium and magnesium
minerals) can be evaluated using the saturation index approaches described in section 10.3. A
preceding solid-liquid separation step may be required with a packed column stripping unit to remove
the majority of suspended solids that may cause clogging or fouling (Vaneeckhaute et al., 2017).

Liquid-filled systems with submerged diffused gas sparging (e.g., Anaergia (2016)) on the other
hand have no trays, sieves, loose media or packing that may clog or foul. As such, liquid-filled sparged
reactors can be operated at higher total solids concentrations that are common in anaerobic digestion
processes (e.g., 8-9% total suspended solids, (Vaneeckhaute et al., 2017)) without requiring prior solids
separation. However, diffused gas sparging systems tend to be less efficient than packed or low-profile
tray columns (Mead & Leibbert, 1998). The height of the sparged reactor could be limited by power
consumption to supply the extractant gas at a pressure above the hydraulic head at the base of the
liquid-filled reactor (~1.5-2 meters). The mass transfer area in such systems would be dictated by bubble
size, requiring fine bubbles to increase transfer surface area. The gas sparging system may have fine
pores prone to clogging (Crittenden et al., 2005) which would lead to subsequent performance decline.

For all ammonia stripping systems, demisters (mist eliminators) may be required at the top of
the unit on the gas outlet to prevent liquid droplets being entrained in the exiting gas (Crittenden
et al., 2005).

10.4.2.1 Packed column systems
In packed columns, the gas can flow perpendicular (side-to-side) to the liquid flow (usually down), or
the gas flows can flow up the column in a counter-current direction to the water or liquid extractant
flowing down the column (United States Environmental Protection Agency, 2000). Commercial
software packages are available for use by column suppliers to design packed, tray, or plate columns,
but here the underlying analytical approaches will be presented for packed column design, because
packed columns are most commonly used. The design approach for cross-flow and counter-current
flow is similar, so the approach for counter-current flow will be demonstrated.

The first step in performing a preliminary design is to select an appropriate value for the stripping
factor (S) defined as follows (Crittenden et al., 2005):

S— [QG/QL] (10.21)
/Ky

with K, in this case being dimensionless and Q; and Q, being the volumetric extractant gas and
water/wastewater flows, each with units of m3/s, so that S is dimensionless.

The S value indicates a minimum gas-to-water ratio for high treatment efficiencies. If S < 1, the
stripper will be equilibrium limited and unable to achieve a high degree of removal, whilst at S =1,
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the operation is at the minimum gas-to-water ratio required for stripping and a high degree of removal
(Crittenden et al., 2005). Thus, S should be >1.

A reasonable starting value is S = 3.5 for many systems (Crittenden et al., 2005). The gas volumetric
flow (Qg) can be calculated by Equation (10.22) for the selected value of S:

_Q-S (10.22)
Qs = K,

Calculations of packed column diameter 