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The photo on the cover shows two EGSB (R2S) reactors and an anaerobic digester at the
Bronzolo Wastewater Treatment Plant in northern Italy.

Photo taken by Saleh Abuzir.



Full-scale UASB for pre-treatment and energy valoriza-
tion of high-load wastewater

Saleh Abuzir



Finanziato dall’Unione Europea
NextGenerationEU

"Progetto Finanziato dall'Unione europea — NextGenerationEU"

MATEMATICA

DOTTORATO DI RICERCA IN

INGEGNERIA CIVILE, AMBIENTALE, DELLA COOPERAZIONE INTERNAZIONALE E DI
MATEMATICA

settore scientifico disciplinare

Tecnologie e processi per 'ambiente e l'agricoltura — 6

CICLO
XXXVIII

TITOLO TESI

Full-scale UASB for pre-treatment and energy valorization of high-load wastewater

NOME DEL DOTTORANDO
Saleh Abuzir

NOME DEL Primo SUPERVISORE

Giorgio Bertanza, Universita degli Studi di Brescia

NOME DEL CO-SUPERVISORE
Marta Domini, Universita degli Studi di Brescia

Gianluca Simion, Eco-Center

Page | |



Acknowledgments

When I look back on the past three years, I realize how enjoyable and how challenging they
have been: a journey full of ups and downs, and one that helped me grow both professionally
and personally. Along the way, I met many people who supported me in different ways. With-
out them, I would not have been able to complete this thesis, and I am deeply grateful to you
all.

First, I would like to deeply thank my supervisors, Prof. Giorgio Bertanza and Dr. Marta
Domini, for your continuous guidance, support, and encouragement. Thank you for listening
to me and showing genuine care, especially during the war. I learned a great deal from both of
you, and I am particularly grateful for the freedom you gave me to explore this research field,
develop my ideas, and grow with confidence. I would also like to thank Gianluca Simion for
supporting my research ideas and for being not only a collaborator but also a friend. Thank you
for showing me the beauty of South Tyrol and for all the memorable conversations and discus-
sions we shared. Thank you to Joao Paulo Bassin for the interesting and fruitful discussions
we had, which helped me plan my experiments. Thank you to the PhD office (Fabiana Farro
and Mehwish Shahbaz) at the university of Brescia for supporting me and for the interesting
conversations we had.

My sincere thanks go to Hamse Kjerstadius for giving me the opportunity to explore the world
of anaerobic digestion in greater depth through my internship at NSVA and Lund University.
I truly enjoyed our discussions (especially the scientific ones), and I always felt we shared a
similar way of thinking. Before this experience, I had never run experiments entirely on my
own; yet, even from a distance, you guided me clearly and patiently. I still remember how
challenging it was to write my first paper, and I appreciate the time and support you invested
in it. Thank you as well for your continued support after the internship and for your valuable
advice. I am also grateful to Asa Davidsson for hosting me at Lund University and for the
many interesting discussions and kind support. I appreciate the opportunity to meet such won-
derful people in the Department of Process and Life Science Engineering. Thanks to Sybrand
Metz and Ignatius Ariffin for the interesting discussion we had on their blackwater and food
waste co-digestion system and for providing me with their operating data.

Thank you to my colleagues at the Eco-Center—Mario Brando, Daniele Pellegrini, Elia
Betta, and Hans Peter—for your help with the laboratory work, the pilot plant, for helping me
to improve my Italian, for the interesting discussions we had, and for helping me with my PhD
research. Thank you to Glauco Menin for guiding me through the BMP experiments; I could
not have carried them out without your support. I also thank Christian Ebner and Anna
Arthofer for helping with my experiments and for hosting me at the University of Innsbruck.

Thank you to Victoria Outram for your help with the HPLC. Without your support, I would
not have been able to use the instrument, and I truly appreciated your patience and the conver-
sations we shared. I truly appreciate the discussion we had. Thank you to Salar Haghighataf-
shar for all the interesting conversations we had, it was really great meeting you and learning
from your experience. Thank you to Ashley Hall for being such a kind colleague and for help-
ing me, especially on my first day in the department. I also enjoyed our discussions and wish

Page | Il



you all the best with your MBBR reactors and your PhD journey. Thank you to Borbala Erdei
and Per Falas for helping me prepare for the experiments. Thank you to Michael Cimbritz
for the wastewater book, and for the memorable session during the course you taught. Thank
you to Malgorzata Szopinska for our interesting discussions and for the unforgettable ice trip
(especially the moment I fell off the bike). Thank you to Mahla Bagheri for the engaging
conversations we had. Thank you to Julius Klemens Lorek, my gym bro, for all the time we
spent together. Thank you to Madeleine Larsson and Karin Tonderski for the opportunity to
attend the Biogas solutions course and for our discussions. Thank you to Miriam van Eekert
for your guidance and our valuable conversations. Thank you to Melesse Eshetu Moges for
our discussions on blackwater; it was a pleasure learning from your experience.

Of course, none of this would have been possible without my family and without their love and
care. Thank you, Dad, Mum, and my brothers, for your constant support, belief in me, and
encouragement throughout this journey. Dad, thank you for being my inspiration, without you
I would not be writing these words. You were the one who encouraged me to pursue a PhD.

Finally, thank you to Maftuna Gapparova for being a wonderful friend and for the conversa-
tions that genuinely changed the way I viewed the PhD journey. Thank you, Jacobo Ortiz, for
being a good friend and for the bike ride we had, it was my first time hitting 90 km. Your
cycling skills inspired me. Thank you to Abdelrahim Moumen for being a great support and
for all your advice. Thank you Kassem Sabeh for being a great friend and flat mate and for all
the moments we shared together. Thank you to Mahum Khan for being a great support and
for all the discussions we had and for sharing your experiences. Thank you Rula Abu Hilal
for the interesting discussions we had, I do appreciate your passion for self- and professional
growth, keep it up. Thank you to Amin Mohsenifar for being a kind flat mate, for our bike
rides to the beach, and for doing Ramadan together. Thank you as well to all the friends I met
along the way, your support, moments, and conversations had a positive impact on me, and I
am grateful to have learned from your experiences.

~Beautiful things happen when they are not expected to happen.

Page | llI



List of abbreviations

Abbreviation Meaning
AD Anaerobic digestion
Alk Alkalinity
AMPTS Automatic Methane Potential Test System
BMP Biochemical methane potential
BW Blackwater (source-separated blackwater)
Ca Calcium
CFD Computational fluid dynamics
CH4 Methane
COD Chemical oxygen demand
CODin Influent COD
CODremoved Removed COD
CODyot or CODxotal Total COD
CSTR Continuous stirred-tank reactor
DoA Degree of acidification
EGSB Expanded granular sludge blanket (reactor)
F/M Food-to-microorganism ratio
FIPWW Fruit juice processing wastewater
FW Food waste
GLS Gas-liquid-solid (separator)
HAc Acetic acid (reference for VFAs: 'as HAc')
HPLC High-performance liquid chromatography
HRT Hydraulic retention time
N Nitrogen
No Nitrogen gas
NaOH Sodium hydroxide
NH4"-N Ammonium nitrogen

Page | IV



Nm?

Normal cubic meter (gas volume at reference conditions)

NmL Normal milliliter (gas volume at reference conditions)
OLR Organic loading rate
P Phosphorus
PE Population equivalent
PO43-P Phosphate phosphorus
PS Primary sludge
R2S High-rate methanogenic reactor (used for the EGSB/R2S stage)
sCOD Soluble COD
S/I Substrate-to-inoculum ratio
SMA Specific methanogenic activity
SRT Solids retention time
STP Standard temperature and pressure
TN Total nitrogen
TP Total phosphorus
TS Total solids
TSS Total suspended solids
TVFA Total volatile fatty acids
UASB Upflow anaerobic sludge blanket (reactor)
UASBgw UASB reactor treating blackwater (system label)
VFA or VFAs Volatile fatty acid(s)
VFA/Alk Volatile fatty acids to alkalinity ratio
VS Volatile solids
VSS Volatile suspended solids
WWTP

Wastewater treatment plant
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Summary in English

Rapid urbanization, industrial growth, and increasing food production are increasing the gen-
eration of municipal and agro-industrial wastewaters. Addressing these challenges require
treatment approaches that are effective, enabling recovery of energy and nutrients alongside
organic matter removal. This thesis focuses on two contrasting high-strength wastewater
streams: source-separated blackwater (BW) and fruit juice processing wastewater (FIPWW).
Source-separated BW is toilet-derived wastewater collected separately from other domestic
wastewater streams and consists mainly of feces, urine, flush water, and toilet paper. FIPWW
is an agro-industrial effluent generated during fruit washing, pressing, and juice production,
and is typically characterized by readily biodegradable organic matter and low pH. Although
both streams are suitable for anaerobic treatment, they differ in composition, treatment chal-
lenges, and resource-recovery potential.

Anaerobic digestion (AD) can convert organic matter in wastewater into methane-rich biogas
while retaining nutrients such as nitrogen and phosphorus in streams that may be further pro-
cessed for recovery. High-rate anaerobic reactors, including upflow anaerobic sludge blanket
(UASB) and expanded granular sludge bed (EGSB) systems, are particularly relevant for con-
centrated wastewaters because they retain active biomass and enable organic matter conversion
at relatively short hydraulic retention times. However, studies on full-scale applications remain
limited for some waste streams, particularly source-separated BW and full-scale two-stage AD
systems treating highly biodegradable agro-industrial wastewater.

The overall aim of this thesis was to evaluate the anaerobic treatment of source-separated BW
and FJPWW in high-rate anaerobic systems, with an emphasis on full-scale performance, pro-
cess stability, methane production, operating challenges, and opportunities for process optimi-
zation. Three study contexts were investigated: (i) a full-scale UASB reactor treating source-
separated BW in Helsingborg, Sweden,; (ii) a full-scale two-stage AD system treating FIPWW
in Bronzolo, Italy, consisting of homogenization/acidification followed by two EGSB (R2S)
reactors; and (ii1) batch acidification and biochemical methane potential (BMP) tests assessing
the co-processing of FIPWW with primary sludge (PS). Together, these studies address the
need for improved knowledge on anaerobic treatment of high-strength wastewater streams and
on the operational factors affecting high-rate AD performance.

In Chapter 1, the thesis establishes the need for sustainable and effective wastewater manage-
ment technologies, such as AD, to address the challenges associated with rapid urbanization
and the increasing generation of municipal and industrial wastewaters, including source-sepa-
rated BW and FJIPWW. It identifies BW as a wastewater stream rich in organic matter and
nutrients, making it suitable for energy recovery as biogas, mainly methane, and for fertilizer
production. It also presents FJPWW as a substrate with high concentrations of readily biode-
gradable organic matter, supporting its potential for energy recovery through anaerobic treat-
ment. However, both BW and FIPWW remain insufficiently studied as substrates for biogas
production.

Against this background, the thesis introduces three study contexts: (i) a full-scale upflow an-
aerobic sludge blanket (UASB) reactor treating source-separated BW in Helsingborg, Sweden;

Page | VI



(1) a full-scale two-stage anaerobic digestion plant treating FJPWW in Bronzolo, Italy, com-
prising homogenization/acidification followed by two expanded granular sludge bed
(EGSB/R2S) reactors; and (iii) batch acidification and biochemical methane potential (BMP)
tests to assess the co-processing of FJIPWW with primary sludge. Together, these contexts sup-
port sustainable management of high-strength wastewater streams and strengthen the evidence
base on high-rate (UASB and EGSB) systems for biogas production and nutrient recovery. The
thesis also proposes operational actions to improve understanding of system performance and
enhance process efficiency, with emphasis on full-scale operation, process optimization, and
co-digestion.

Based on the research needs mentioned in Chapter 1, in Chapter 2, the thesis provides the
conceptual and technical foundation needed for subsequent research work. In Chapter 2, the
thesis reviews the main biochemical steps of anaerobic digestion and the differences between
single-stage and two-stage anaerobic digestion configurations. It summarizes the operational
parameters that affect process stability and efficiency, including organic loading rate (OLR),
hydraulic and solids retention times (HRT and SRT), pH control, and the dynamics of alkalinity
and VFAs, as well as substrate composition. It also describes co-digestion as an efficient opti-
mization strategy to balance nutrients, buffering capacity, and biodegradability. Moreover, it
introduces key analytical tools used in anaerobic digestion research, including biochemical
methane potential (BMP) tests and specific methanogenic activity (SMA) measurements. Fi-
nally, it synthesizes evidence on UASB and EGSB performance and highlights the limited
number of full-scale evaluations of BW digestion in UASB reactors and of two-stage full-scale
systems treating highly biodegradable wastewaters, thereby defining the knowledge gaps that
motivate the experimental chapter.

In Chapter 3, the thesis outlines the experimental and analytical approach used to assess AD
of high-strength wastewater streams, with a primary focus on source-separated BW and
FIPWW. Source-separated BW collected from vacuum toilets in Oceanhamnen, Sweden, was
evaluated in a full-scale UASB reactor, whereas FJPWW from Bronzolo, Italy, was investi-
gated in full-scale and pilot-scale two-stage anaerobic digestion systems. The FIPWW work
also included batch co-digestion tests with primary sludge and continuous operation of a two-
stage pilot AD system. Long-term operational performance was assessed using pseudo-steady-
state periods of at least 14 days and was complemented by biochemical methane potential
(BMP) assays to determine methane potential and biodegradability, specific methanogenic ac-
tivity (SMA) tests to quantify methanogenic activity, and batch acidogenic fermentation ex-
periments to investigate the effects of combining fruit juice processing wastewater with pri-
mary sludge. It further discusses the main limitations, including sludge washout and variable
effluent COD/TSS in the blackwater UASB system, restricted energy-balance and microbial
data, incomplete monitoring of biomass and alkalinity in the FJIPWW system, the absence of
sludge settleability and CFD analyses, and limited gas measurements during acidogenic fer-
mentation. Overall, the methodology establishes an integrated full-scale and batch-scale frame-
work for evaluating anaerobic digestion performance, substrate biodegradability, process sta-
bility, and potential optimization strategies.

In Chapter 4, the thesis assesses the performance of a full-scale UASB (50 m?) reactor treating
vacuum-toilet source-separated BW from the Oceanhamnen district in Helsingborg, Sweden.
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The BW UASB reactor served an actual population equivalent (PE) of 885 which is expected
to increase to 2000 in the near future. Moreover, the thesis highlights the performance of a full-
scale UASB (41 m?) reactor co-digesting source separated BW with food waste (FW) in Sneek
, the Netherlands. The BW UASB reactor was monitored for 130 weeks at 35°C under two
operational phases with different organic loading rates due to increase in the number of the
inhabitants in the city district. The highest overall removal was achieved in Phase 1: operation
at an average OLR 0f 0.95 kg COD m™ d ! resulted in 88% COD removal and a methanization
of 0.77 COD-CHa kg ! COD;y, with a methane yield of 0.307 Nm® CHs kg™ CODremoved. When
the average OLR was increased to 1.5 kg COD m™= d™!, COD removal declined to 72%, which
was attributed to sludge washout and the associated increase in effluent COD/TSS variability;
however, methanization remained high at 0.71 kg COD-CHa4 kg™ CODj,, with a methane yield
of 0.304 Nm? CHskg™! CODremoved. The COD mass balance showed that 69% of influent COD
was converted to methane, 28% was discharged in the effluent, and 3% was associated with
removed sludge. Nutrient mass balances indicated that the decanted effluent contained 92% of
N and 82% of P, mainly as soluble NH4"-N and POs.-*-P, whereas removed sludge accounted
for 2% of N and 18% of P. Overall, these results indicate that high methane conversion can be
maintained at higher loading, although sludge washout reduces effluent quality, suggesting that
post-treatment may be required to meet discharge requirements under certain operating re-
gimes.

The co-digestion of source-separated BW with FW showed that intermittent operation at vary-
ing temperatures (22.5°°C in winter and 35°°C in summer) resulted in occasionally lower yet
comparable CODxotal removal efficiency compared to BW mono-digestion. In-creasing the tem-
perature to 35°°C improved the degree of methanisation from 0.60 to 0.68 kg CH4-COD kg™!
CODin, methanisation in UASBpw:rw was still 11-24 % lower than the maximum achieved in
BW mono-digestion (0.77 kg CHs-COD kg' CODiy), highlighting the reduced efficiency of
co-digestion under the tested conditions of uncontrolled mixing ratios of BW to FW. The de-
gree of methanisation may have been impacted by biomass washout or microbial imbalances
caused by unregulated BW to FW mixing ratios, with optimal ratios reported as 1:1 or 1:2.

In Chapter 5, the thesis assesses a full-scale two-stage AD system treating FIPWW at the
Bronzolo wastewater treatment plant (Northern Italy) based on long-term operational data
spanning 6 years. In the first stage, a homogenization tank produced a VFA-rich intermediate,
characterized by a VFA/sCOD of 38-41% and a degree of acidification of 21-25%. Over the
periods evaluated, operation at different temperatures (16—26°C) had no significant influence
on either COD removal or the degree of acidification. The second stage, co-sisting of two par-
allel high-rate EGSB/R2S reactors, achieved effective overall performance where CODyotar de-
clined from 2902 to 349 mg COD L' (88% removal), accompanied by an effective VFA re-
moval (VFA as HAc from 1082 to 69.2 mg HAc L™"). Stable operation was reflected by a
VFA/AIk ratio of 0.07. The methane yield reached 0.277 Nm? CHa kg' CODremoved, and the
average methane content was 80%. Although COD conversion was effective, TSS removal
remained low (6.2%); this outcome was discussed as potentially associated with solids or
sludge washout, highlighting that conversion performance and effluent solids quality may di-
verge and underscoring the need for dedicated solids management and post-treatment where
required.
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In Chapter 6, the thesis discusses the effect of co-fermentation and co-digestion of FIPWW
with PS on VFA generation and methane yield which was assessed using controlled batch ac-
idogenic fermentation (100 hours) followed by BMP testing at 35°C (terminated after 120
hours). The evaluated mixing conditions were FJPWW alone and FJIPWW:PS ratios of 97:3
and 90:10 (vol/vol). Peak acidification occurred within approximately 24 h, reaching maxi-
mum DoA values of 33% for FIPWW, 31% for 97:3, and 15% for 90:10, with correspond-ing
peak VFA yields 0f 0.89, 0.86, and 0.45 g net TVFA-COD gVS™, respectively. Methane yields
were similar for FJPWW alone and 97:3 (approximately 504 NmL CHas gVS™), whereas a
lower yield was observed at 90:10 (483.7 NmL CHa gVS™). Under the tested conditions and
ratios, the addition of primary sludge did not enhance either VFA production or methane yield.
The experimental setup also revealed an important methodological limitation: gas production
was not monitored during the acidogenic co-fermentation phase, which constrained the inter-
pretation of COD pathways.

In Chapter 7, the thesis integrates the findings and shows that interpreting full-scale perfor-
mance is strengthened by jointly considering (i) conversion-based indicators (methanisation,
methane yield, VFA removal), (ii) effluent quality and solids behavior, and (iii) targeted activ-
ity testing (SMA). Across the full-scale systems, stable methane conversion was observed
alongside residual effluent COD and/or limited solids removal, demonstrating that process
“success” cannot be judged using biological conversion metrics alone when solids washout is
the main driver of effluent variability.

In Chapter 8, the thesis presents the main conclusions and future research needs. For the full-
scale BW UASB system, the highest COD removal and methanization were achieved at the
lower OLR. At higher OLR, COD removal decreased mainly due to sludge washout, although
methane conversion remained high. Mass balances showed that most influent COD was con-
verted to methane, while most nitrogen and phosphorus remained in the liquid effluent as NH4*-
N and PO+*-P, indicating that nutrient recovery should mainly target the liquid stream.

For the full-scale two-stage FJIPWW system, the first stage produced a VFA-rich substrate, and
temperature variation within the evaluated range did not significantly affect VFA production.
The second stage achieved effective COD and VFA removal and methane production, despite
limited TSS removal. In the FJPWW and PS co-fermentation/co-digestion experiments, PS
addition did not improve VFA production or methane yield under the tested conditions, and
the higher PS fraction slightly reduced methane yield.

Future work should focus on improving process understanding and operational control. For
BW UASB digestion, priorities include optimizing sludge removal, investigating hydrolytic
microbial communities, characterizing residual soluble COD, and extending the energy bal-
ance. For the FJPWW system, further work should monitor biomass and F/M in the first stage,
assess granule settleability and solids behavior in the EGSB/R2S reactors, apply CFD, and
evaluate alternatives for nutrient and alkalinity management. For co-digestion, future studies
should test broader PS sources, mixing ratios, S:I ratios, and pH conditions, while improving
BMP scale and measuring gas production during acidogenic fermentation.
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Summary in Italian

La rapida urbanizzazione, la crescita industriale e 1’aumento della produzione alimentare
stanno incrementando la generazione di acque reflue municipali e agro-industriali. Affrontare
queste sfide richiede approcci di trattamento efficaci, in grado di consentire il recupero di
energia e nutrienti insieme alla rimozione della sostanza organica. Questa tesi si concentra su
due differenti flussi di acque reflue ad alta concentrazione: la blackwater separata alla fonte
(BW) e le acque reflue derivanti dalla lavorazione dei succhi di frutta (FJPWW). La BW
separata alla fonte ¢ costituita dalle acque reflue provenienti dai servizi igienici, raccolte
separatamente dagli altri reflui domestici, € comprende principalmente feci, urina, acqua di
scarico e carta igienica. La FJPWW ¢ un effluente agro-industriale generato durante il lavaggio
della frutta, la spremitura e la produzione di succhi, ed ¢ tipicamente caratterizzata da sostanza
organica facilmente biodegradabile e basso pH. Sebbene entrambi 1 flussi siano adatti al
trattamento anaerobico, differiscono per composizione, problematiche di trattamento e
potenziale di recupero delle risorse.

La digestione anaerobica (AD) puo convertire la sostanza organica presente nelle acque reflue
in biogas ricco di metano, trattenendo al contempo nutrienti come azoto e fosforo in correnti
che possono essere ulteriormente trattate per il recupero. I reattori anaerobici ad alta velocita,
inclusi gli upflow anaerobic sludge blanket (UASB) e gli expanded granular sludge bed
(EGSB), sono particolarmente rilevanti per reflui concentrati poiché trattengono biomassa
attiva e consentono la conversione della sostanza organica a tempi di ritenzione idraulica
relativamente brevi. Tuttavia, gli studi sulle applicazioni a scala reale rimangono limitati per
alcuni flussi di reflui, in particolare per la BW separata alla fonte e per i sistemi AD a due stadi
a scala reale che trattano reflui agro-industriali altamente biodegradabili.

L’obiettivo generale di questa tesi ¢ stato valutare il trattamento anaerobico della BW separata
alla fonte e della FJPWW in sistemi anaerobici ad alta velocita, con particolare attenzione alle
prestazioni a scala reale, alla stabilita del processo, alla produzione di metano, alle
problematiche operative e alle opportunita di ottimizzazione del processo. Sono stati investigati
tre contesti di studio: (i) un reattore UASB a scala reale che tratta BW separata alla fonte a
Helsingborg, Svezia; (i1) un sistema AD a due stadi a scala reale che tratta FIPWW a Bronzolo,
Italia, costituito da omogeneizzazione/acidificazione seguita da due reattori EGSB (R2S); e
(111) test batch di acidificazione e di potenziale biochimico di metano (BMP) per valutare il co-
trattamento della FJPWW con fanghi primari (PS). Nel complesso, questi studi rispondono alla
necessitd di migliorare le conoscenze sul trattamento anaerobico di reflui ad alta
concentrazione e sui fattori operativi che influenzano le prestazioni dei sistemi AD ad alta
velocita.

Nel Capitolo 1, la tesi evidenzia la necessita di tecnologie sostenibili ed efficaci per la gestione
delle acque reflue, come la digestione anaerobica, al fine di affrontare le sfide associate alla
rapida urbanizzazione e alla crescente generazione di reflui municipali e industriali, inclusi la
BW separata alla fonte e la FIPWW. La BW viene identificata come un flusso di acque reflue
ricco di sostanza organica e nutrienti, rendendola adatta al recupero energetico sotto forma di
biogas, principalmente metano, e alla produzione di fertilizzanti. La FJIPWW viene inoltre
presentata come un substrato con elevate concentrazioni di sostanza organica facilmente
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biodegradabile, a supporto del suo potenziale per il recupero energetico tramite trattamento
anaerobico. Tuttavia, sia la BW sia la FJPWW rimangono ancora insufficientemente studiate
come substrati per la produzione di biogas.

In questo contesto, la tesi introduce tre ambiti di studio: (i) un reattore upflow anaerobic sludge
blanket (UASB) a scala reale che tratta BW separata alla fonte a Helsingborg, Svezia; (ii) un
impianto di digestione anaerobica a due stadi a scala reale che tratta FIPWW a Bronzolo, Italia,
comprendente omogeneizzazione/acidificazione seguita da due reattori expanded granular
sludge bed (EGSB/R2S); e (iii) test batch di acidificazione e di potenziale biochimico di
metano (BMP) per valutare il co-trattamento della FIPWW con fanghi primari. Nel complesso,
questi contesti supportano la gestione sostenibile di flussi di acque reflue ad alta concentrazione
e rafforzano la base di conoscenze sui sistemi ad alta velocita (UASB ed EGSB) per la
produzione di biogas e il recupero dei nutrienti. La tesi propone inoltre azioni operative volte
a migliorare la comprensione delle prestazioni dei sistemi e ad aumentare 1’efficienza del
processo, con particolare attenzione al funzionamento a scala reale, all’ottimizzazione del
processo e alla co-digestione.

Sulla base delle esigenze di ricerca menzionate nel Capitolo 1, nel Capitolo 2 la tesi fornisce
le basi concettuali e tecniche necessarie per il successivo lavoro di ricerca. Nel Capitolo 2, la
tesi esamina le principali fasi biochimiche della digestione anaerobica e le differenze tra le
configurazioni di digestione anaerobica a singolo stadio e a due stadi. Riassume i parametri
operativi che influenzano la stabilita e I’efficienza del processo, tra cui il carico organico
volumetrico (OLR), i tempi di ritenzione idraulica e dei solidi (HRT e SRT), il controllo del
pH, la dinamica dell’alcalinita e degli acidi grassi volatili (VFA), nonché la composizione del
substrato. Descrive inoltre la co-digestione come un’efficace strategia di ottimizzazione per
bilanciare nutrienti, capacita tampone e biodegradabilita. Inoltre, introduce 1 principali
strumenti analitici utilizzati nella ricerca sulla digestione anaerobica, inclusi i test di potenziale
biochimico di metano (BMP) e le misurazioni dell’attivita metanogenica specifica (SMA).
Infine, sintetizza le evidenze sulle prestazioni dei sistemi UASB ed EGSB ed evidenzia il
numero limitato di valutazioni a scala reale della digestione della BW in reattori UASB e dei
sistemi a due stadi a scala reale che trattano reflui altamente biodegradabili, definendo cosi le
lacune conoscitive che motivano il capitolo sperimentale.

Nel Capitolo 3, la tesi delinea I’approccio sperimentale e analitico utilizzato per valutare la
digestione anaerobica di flussi di acque reflue ad alta concentrazione, con particolare attenzione
alla BW separata alla fonte e alla FJPWW. La BW separata alla fonte, raccolta da toilette a
vuoto a Oceanhamnen, in Svezia, ¢ stata valutata in un reattore UASB a scala reale, mentre la
FIPWW proveniente da Bronzolo, in Italia, ¢ stata studiata in sistemi di digestione anaerobica
a due stadi a scala reale e pilota. Il lavoro sulla FJPWW ha incluso anche test batch di co-
digestione con fanghi primari e il funzionamento continuo di un sistema pilota di digestione
anaerobica a due stadi. Le prestazioni operative a lungo termine sono state valutate utilizzando
periodi di pseudo-stato stazionario di almeno 14 giorni e sono state integrate da saggi di
potenziale biochimico di metano (BMP) per determinare il potenziale di metano e la
biodegradabilita, test di attivita metanogenica specifica (SMA) per quantificare Dattivita
metanogenica, ed esperimenti batch di fermentazione acidogenica per investigare gli effetti
della combinazione delle acque reflue derivanti dalla lavorazione dei succhi di frutta con fanghi
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primari. Vengono inoltre discusse le principali limitazioni, tra cui il washout dei fanghi e la
variabilita di COD/TSS nell’effluente del sistema UASB per blackwater, 1 dati limitati sul
bilancio energetico e microbiologici, il monitoraggio incompleto della biomassa e
dell’alcalinita nel sistema FIPWW, 1’assenza di analisi sulla sedimentabilita dei fanghi e di
simulazioni CFD, nonché¢ le limitate misurazioni del gas durante la fermentazione acidogenica.
Nel complesso, la metodologia definisce un quadro integrato a scala reale e batch per valutare
le prestazioni della digestione anaerobica, la biodegradabilita del substrato, la stabilita del
processo ¢ le potenziali strategie di ottimizzazione.

Nel Capitolo 4, la tesi valuta le prestazioni di un reattore UASB a scala reale (50 m?) che tratta
BW separata alla fonte proveniente da toilette a vuoto nel distretto di Oceanhamnen a
Helsingborg, in Svezia. Il reattore UASB per BW serviva un equivalente di popolazione reale
(PE) pari a 885, che si prevede aumentera a 2000 nel prossimo futuro. Inoltre, la tesi evidenzia
le prestazioni di un reattore UASB a scala reale (41 m?) che co-digerisce BW separata alla fonte
con rifiuti alimentari (FW) a Sneek, nei Paesi Bassi. Il reattore UASB per BW ¢ stato
monitorato per 130 settimane a 35°C in due fasi operative caratterizzate da differenti carichi
organici volumetrici, dovuti all’aumento del numero di abitanti del distretto urbano. La
massima rimozione complessiva ¢ stata raggiunta nella Fase 1: il funzionamento con un OLR
medio di 0,95 kg COD m™ d! ha portato a una rimozione del COD pari all’88% e a un grado
di metanizzazione di 0,77 kg COD-CHa kg™' CODin, con una resa di metano pari a 0,307 Nm?
CHa4 kg™' CODremoved. Quando I’OLR medio ¢ stato aumentato a 1,5 kg COD m™= d, la
rimozione del COD ¢ diminuita al 72%, fenomeno attribuito al washout dei fanghi e al
conseguente aumento della variabilita di COD/TSS nell’effluente; tuttavia, il grado di
metanizzazione ¢ rimasto elevato, pari a 0,71 kg COD-CHa4 kg™ CODjy, con una resa di metano
di 0,304 Nm? CH4 kg™ CODremoved. Il bilancio di massa del COD ha mostrato che il 69% del
COD influente ¢ stato convertito in metano, il 28% ¢ stato scaricato nell’effluente e il 3% era
associato ai fanghi rimossi. I bilanci di massa dei nutrienti hanno indicato che I’effluente
decantato conteneva 1l 92% dell’azoto e 1’82% del fosforo, principalmente sotto forma di NHa"-
N e PO+*-P solubili, mentre 1 fanghi rimossi rappresentavano il 2% dell’azoto e i1l 18% del
fosforo. Nel complesso, questi risultati indicano che un’elevata conversione in metano pud
essere mantenuta anche a carichi piu elevati, sebbene il washout dei fanghi riduca la qualita
dell’effluente, suggerendo che potrebbe essere necessario un post-trattamento per soddisfare 1
requisiti di scarico in determinati regimi operativi.

La co-digestione della BW separata alla fonte con FW ha mostrato che il funzionamento
intermittente a temperature variabili (22,5°C in inverno e 35°C in estate) ha determinato
un’efficienza di rimozione del CODtotale occasionalmente inferiore ma comunque
comparabile rispetto alla mono-digestione della BW. L’aumento della temperatura a 35°C ha
migliorato il grado di metanizzazione da 0,60 a 0,68 kg CH4-COD kg CODyy; tuttavia, la
metanizzazione nel sistema UASBBW+FW ¢ rimasta inferiore dell’11-24% rispetto al
massimo raggiunto nella mono-digestione della BW (0,77 kg CH4-COD kg CODi),
evidenziando la ridotta efficienza della co-digestione nelle condizioni sperimentali
caratterizzate da rapporti di miscelazione BW/FW non controllati. Il grado di metanizzazione
potrebbe essere stato influenzato dal washout della biomassa o da squilibri microbici causati
da rapporti BW/FW non regolati, mentre in letteratura sono riportati come ottimali rapporti
paria l:1 0 1:2.
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Nel Capitolo 5, la tesi valuta un sistema AD a due stadi a scala reale che tratta FIPWW presso
I’impianto di trattamento delle acque reflue di Bronzolo (Italia settentrionale), sulla base di dati
operativi a lungo termine raccolti nell’arco di 6 anni. Nel primo stadio, un serbatoio di
omogeneizzazione ha prodotto un intermedio ricco di VFA, caratterizzato da un rapporto
VFA/sCOD del 38—41% e da un grado di acidificazione del 21-25%. Nei periodi valutati, il
funzionamento a differenti temperature (16-26°C) non ha avuto un’influenza significativa né
sulla rimozione del COD né sul grado di acidificazione. Il secondo stadio, costituito da due
reattori paralleli ad alta velocita EGSB/R2S, ha raggiunto prestazioni complessive efficaci, con
una riduzione del CODtotale da 2902 a 349 mg COD L™ (88% di rimozione), accompagnata
da un’efficace rimozione dei VFA (VFA come HAc da 1082 a 69,2 mg HAc L™). La stabilita
operativa ¢ stata riflessa da un rapporto VFA/Alk pari a 0,07. La resa di metano ha raggiunto
0,277 Nm? CHa kg™ CODremoved e il contenuto medio di metano ¢ stato dell’80%. Sebbene
la conversione del COD sia risultata efficace, la rimozione dei TSS ¢ rimasta bassa (6,2%);
questo risultato ¢ stato associato potenzialmente alla presenza di solidi o al washout dei fanghi,
evidenziando come le prestazioni di conversione ¢ la qualita dei solidi nell’effluente possano
divergere e sottolineando la necessita di una gestione dedicata dei solidi e di eventuali
trattamenti successivi.

Nel Capitolo 6, la tesi discute 1’effetto della co-fermentazione e della co-digestione della
FJIPWW con fanghi primari (PS) sulla generazione di VFA e sulla resa di metano, valutato
mediante fermentazione acidogenica batch controllata (100 ore), seguita da test BMP a 35°C
(terminati dopo 120 ore). Le condizioni di miscelazione valutate comprendevano FIPWW da
sola e rapporti FJPWW pari a 97:3 ¢ 90:10 (vol/vol). Il picco di acidificazione si ¢ verificato
entro circa 24 ore, raggiungendo valori massimi di DoA del 33% per la FIPWW, del 31% per
il rapporto 97:3 e del 15% per il rapporto 90:10, con corrispondenti rese massime di VFA pari
rispettivamente a 0,89, 0,86 e 0,45 g net TVFA-COD gVS™. Le rese di metano sono risultate
simili per la FIPWW da sola e per il rapporto 97:3 (circa 504 NmL CHa gVS™'), mentre una
resa inferiore € stata osservata per il rapporto 90:10 (483,7 NmL CHa4 gVS™). Nelle condizioni
e nei rapporti testati, ’aggiunta di fanghi primari non ha migliorato né la produzione di VFA
né la resa di metano. L’impostazione sperimentale ha inoltre evidenziato un’importante
limitazione metodologica: la produzione di gas non ¢ stata monitorata durante la fase di co-
fermentazione acidogenica, limitando cosi I’interpretazione dei percorsi del COD.

Nel Capitolo 7, la tesi integra i1 risultati ottenuti ¢ dimostra che D’interpretazione delle
prestazioni a scala reale risulta rafforzata considerando congiuntamente: (i) indicatori basati
sulla conversione (metanizzazione, resa di metano, rimozione dei VFA), (ii) qualita
dell’effluente e comportamento dei solidi, e (ii1) test mirati di attivita (SMA). Nei sistemi a
scala reale ¢ stata osservata una conversione stabile del metano insieme alla presenza di COD
residuo nell’effluente /0 a una limitata rimozione dei solidi, dimostrando che il “successo” del
processo non pud essere valutato esclusivamente sulla base di metriche di conversione
biologica quando il washout dei solidi rappresenta il principale fattore responsabile della
variabilita dell’effluente.

Nel Capitolo 8, la tesi presenta le principali conclusioni e le future necessita di ricerca. Per il
sistema UASB a scala reale trattante BW, la massima rimozione del COD e il piu elevato grado
di metanizzazione sono stati ottenuti al piu basso OLR. A valori piu elevati di OLR, la
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rimozione del COD ¢ diminuita principalmente a causa del washout dei fanghi, sebbene la
conversione in metano sia rimasta elevata. I bilanci di massa hanno mostrato che la maggior
parte del COD influente ¢ stata convertita in metano, mentre la maggior parte dell’azoto e del
fosforo ¢ rimasta nell’effluente liquido sotto forma di NH4™-N e PO+*-P, indicando che il
recupero dei nutrienti dovrebbe concentrarsi principalmente sulla fase liquida.

Per il sistema FJIPWW a due stadi a scala reale, il primo stadio ha prodotto un substrato ricco
di VFA e la variazione della temperatura nell’intervallo valutato non ha influenzato
significativamente la produzione di VFA. Il secondo stadio ha ottenuto un’efficace rimozione
del COD e dei VFA e una buona produzione di metano, nonostante la limitata rimozione dei
TSS. Negli esperimenti di co-fermentazione/co-digestione tra FIPWW e PS, I’aggiunta di
fanghi primari non ha migliorato né la produzione di VFA né¢ la resa di metano nelle condizioni
testate, mentre una maggiore frazione di PS ha leggermente ridotto la resa di metano.

Le attivita future dovrebbero concentrarsi sul miglioramento della comprensione dei processi
e del controllo operativo. Per la digestione della BW in reattori UASB, le priorita includono
I’ottimizzazione della rimozione dei fanghi, I’indagine delle comunita microbiche idrolitiche,
la caratterizzazione del COD solubile residuo e ’estensione del bilancio energetico. Per il
sistema FIPWW, ulteriori studi dovrebbero monitorare la biomassa e il rapporto F/M nel primo
stadio, valutare la sedimentabilitd dei granuli e il comportamento dei solidi nei reattori
EGSB/R2S, applicare simulazioni CFD e valutare alternative per la gestione dei nutrienti e
dell’alcalinita. Per la co-digestione, studi futuri dovrebbero testare una gamma piu ampia di
fonti di fanghi primari, rapporti di miscelazione, rapporti S e condizioni di pH, migliorando al
contempo la scala dei test BMP e monitorando la produzione di gas durante la fermentazione
acidogenica.
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Chapter 1. Introduction

1.1. Background

The urgent need for sustainable wastewater management is driven by rapid urbanization, in-
dustrial growth, and increasing food production, all of which contribute to rising volumes of
municipal and agro-industrial wastewater such as source-separated blackwater (BW) and fruit
juice processing wastewaters (FJPWW) (Abdel-Shafy et al., 2009; Abuzir et al., 2025; Cremo-
nez et al., 2021; Cuff et al., 2018; El-Khateeb et al., 2023). Addressing these challenges re-
quires effective and innovative solutions that not only biologically treat wastewater efficiently
but also recover valuable resources such as energy, water, and nutrients. Anaerobic digestion
(AD) has emerged as a promising biological technology in this context, offering the dual ben-
efits of organic matter removal and renewable biogas production from a wide range of waste
streams (Zheng & Li, 2024).

Energy in the form of biogas, along with fertilizers, could be produced from municipal and
agro-industrial wastewaters. Among the various types of wastewaters, BW and FJPWW stand
out as promising but underexplored substrates for biogas production in full-scale AD applica-
tions, mainly because of their high organic matter content and their nutrient content. PS is also
relevant in this context, as it is a readily available municipal wastewater treatment by-product
with substantial organic matter content. Its co-digestion with FIPWW could be interesting be-
cause PS may increase the alkalinity and nutrients concentrations for FJPWW and therefore
potentially higher overall methane potential of the feed, while FIPWW may contribute readily
biodegradable soluble COD that supports acidification and subsequent methanogenesis.

BW is a separately collected fraction within source-separation systems, originating from toilets
and characterized by high concentrations of carbon, suspended solids, and nutrients (e.g., ni-
trogen and phosphorus) (Gao et al., 2019; Hernandez Leal et al., 2007; Otterpohl et al., 1999;
Skambraks et al., 2017; Wang et al., 2023). When vacuum toilets are used, BW can be captured
with minimal volume of water (approximately one liter per flush), which supports its suitability
for biogas production via AD and nutrient recovery (Gao et al., 2019b; Kjerstadius et al., 2015;
Otterpohl et al., 2004). Nutrient recovery from BW after AD can be achieved via processes
such as struvite precipitation (Xu et al., 2023) and ammonia stripping (Kujawa-Roeleveld et
al., 2006), enabling subsequent use as fertilizers (Desmidt et al., 2015; Moges et al., 2020).

FJPWW is an agro-industrial effluent produced during fruit washing, pressing, and juice man-
ufacturing, and is generally characterized by a high concentration of readily biodegradable or-
ganic matter (375-124,800 mg COD L) and is typically characterised by low pH and low
alkalinity, along with a high carbon-to-nitrogen (C:N) ratio that can cause nutrient imbalances
in the AD process (Dold & Ekama, 1981; Ozbas et al., 2006; Tyagi et al., 2019). In addition,
substantial variability in flow volume, combined with these intrinsic properties, further com-
plicates treatment (Austerman-Haun & Rosenwinkel, 1997; Chen et al., 2019; Dold & Ekama,
1981; Ozbas et al., 2006; Valta et al., 2015; Zerrouki et al., 2021). Despite these challenges,
the high organic content of FJPWW makes it a suitable feedstock for generating biogas as a
clean and environmentally friendly energy source via AD (Mateescu et al., 2008; Zerrouki et
al., 2021).
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AD is a complex process involving several stages, each carried out by different groups of mi-
croorganisms. These microbes work together to convert organic matter into biogas, which con-
sists mainly of methane (CH4) and carbon dioxide (CO:z), as well as a nutrient-rich digestate
that can be used as fertilizer (Appels et al., 2008; Joshi & Visvanathan, 2019; Zheng & Li,
2024). The process includes four main stages: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. In hydrolysis, complex polymers are broken down into simpler monomers.
Acidogenesis then transforms these monomers into volatile fatty acids and alcohols. During
acetogenesis, these intermediates are further converted into acetate, hydrogen, and carbon di-
oxide. Finally, methanogenesis produces methane, completing the process (De et al., 2019;
Khanh et al., 2021; Pan et al., 2021; Paul et al., 2022; Wang et al., 2020).

AD of wastewater can be performed in a single stage or two stages. In single-stage AD, all
phases (i.e. hydrolysis, acidogenesis, acetogenesis, and methanogenesis) occur in one reactor.
The two-stage process separates these phases to optimize conditions for specific microbes, im-
proving efficiency (Ferrera et al., 2022). The first stage supports hydrolytic and acidogenic
bacteria at pH 5 to 6 with shorter retention times (Ketheesan et al., 2015), while the second
stage favors methanogens at pH 6 to 8 with longer retention times (Ferrera et al., 2022). This
approach is especially useful for high-sugar wastewaters like apple juice wastewater, which
can cause instability and acidification in single-stage systems (Feng et al., 2020; Mari et al.,
2020).

The efficiency and stability of AD depend on several key operational parameters (Chapter 2).
These include temperature, pH, substrate composition (with particular attention to the carbon
to nitrogen ratio i.e. C/N), hydraulic and sludge retention times (HRT and SRT), volatile fatty
acids to alkalinity ration (VFA/ALK), food to microorganism ratio (F/M), and the organic load-
ing rate (OLR). The balance of carbohydrates, proteins, and lipids in the substrate directly af-
fects both biogas yield and the overall robustness of the process (Batstone et al., 2002; Rasa-
poor et al., 2020).

A variety of reactor configurations have been developed for AD. Continuously stirred tank
reactors (CSTRs) are among the most commonly used configurations, particularly for sludge,
manure, and other feedstocks with relatively high suspended solids content (Shah et al., 2024).
However, CSTRs are generally less suitable for high-rate treatment of soluble or low-solids
wastewaters because the hydraulic retention time (HRT) and solids retention time (SRT) are
closely linked, which limits biomass retention at short HRTs. For such applications, high-rate
anaerobic systems that retain active biomass are often more appropriate under suitable
wastewater and operating conditions. Examples include the upflow anaerobic sludge blanket
(UASB) reactor and the expanded granular sludge blanket (EGSB) reactor, with the latter rep-
resenting a development of the UASB concept through higher upflow velocities and enhanced
contact between wastewater and granular biomass (Abuzir et al., 2025; Cuff et al., 2018)
(Chapter 2). UASB reactor is being widely adopted for both municipal, industrial, and agro-
industrial applications (Chong et al., 2012). UASB reactors promote efficient contact between
wastewater and granular sludge, enabling high organic loading rates and short hydraulic reten-
tion times while retaining slow-growing methanogens (Ouyang et al., 2018; Van Lier et al.,
2009). Advanced designs, such as the EGSB reactor, further enhance loading capacity and op-
erational stability (Chen et al., 2020).
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EGSB reactors (Chapter 2) are the most widely implemented configuration for industrial
wastewater treatment, accounting for approximately 90% of these systems globally (van Lier
et al., 2015). Similar to UASB systems, their performance relies on the formation of dense
granular biomass without the need for added support media. This granulation is promoted by
upflow-induced turbulence, which improves biomass—substrate interactions and allows opera-
tion at high OLR with shorter HRT than conventional digesters (Cruz-Salom on et al., 2019).
Although UASB and EGSB reactors rely on the same underlying biological processes, EGSB
systems are run at markedly higher upflow velocity (Vup), typically 4-10 m h™! compared with
0.5-1.0 m h'! in UASB. Operating at this elevated Vy, enhances hydraulic mixing and strength-
ens mass transfer.

Although mono-digestion is widely implemented, it is associated with several well recognized
drawbacks, including operational instability (Li et al., 2018), limited year-round supply of
some substrates (Mata-Alvarez et al., 2014), and lower biogas/methane yields (Zahan et al.,
2018). In particular, highly biodegradable organic waste streams (e.g., FIPWW) can promote
a rapid accumulation of volatile fatty acids (VFA) to high concentrations within digesters,
which can inhibit methanogens (Li et al., 2018). Several of these challenges can be mitigated
through operational interventions, including pH adjustment (via alkali supplementation) (Za-
pata Martinez et al., 2019), retention time control (Vanwonterghem et al., 2015), intermittent
feeding (Bonk et al., 2018), micro-aeration (Nguyen et al., 2019), and the implementation of a
two-stage AD system (Rajendran et al., 2020). Nevertheless, applying these measures typically
adds to operational complexity and increases costs.

Anaerobic co-digestion (Chapters 2 and 6) can alleviate several drawbacks of mono-digestion
by treating two or more feedstocks in a single process (Karki et al., 2021). Its main benefits are
greater operational stability and increased methane production, which are commonly attributed
to synergistic effects fostering a more diverse microbial community (Mata-Alvarez et al.,
2014), improving nutrient balance through an appropriate carbon-to-nitrogen (C/N) ratio and
trace-element supplementation (Xie et al., 2018), and improve AD process stability through
improved buffering. In this context, combining rapidly biodegradable substrates, such as fruit
FIPWW or food waste (FW), with substrates that degrade more slowly or provide greater buff-
ering capacity, such as PS, can help balance acid production with methanogenic conversion.
This balance is important because substrates rich in readily biodegradable organic matter may
lead to rapid VFA accumulation and acidification when the acidogenic rate exceeds the capac-
ity of the methanogenic community. Therefore, co-digestion can be used not only to increase
methane production, but also to balance degradation kinetics, nutrient availability, and buffer-
ing capacity within the anaerobic system (Bolzonella et al., 2006; Elsayed et al., 2020; Paranjpe
& Saxena, 2023; Tyagi et al., 2019).

Despite these advances, the application and studies of full-scale UASB and EGSB reactors to
challenging substrates like BW and FJPWW remains limited. These wastewaters present
unique operational challenges, including high variability in composition, potential for acidifi-
cation, and nutrient imbalances, which can compromise process stability and biogas yields.
Addressing these gaps is essential for realizing the full potential of AD in sustainable
wastewater management and renewable energy recovery.
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1.2. Research Motivation and Problem Context:

While UASB reactors have demonstrated successful treatment of BW at laboratory and pilot
scales, their application at full scale remains limited (Chapter 3). Moreover, although full-scale
EGSB reactors have been investigated for highly biodegradable wastewaters, in-depth evalua-
tions of full-scale two-stage AD systems remain scarce. In particular, practical guidance on on-
site monitoring of key operational parameters to better interpret two-stage AD performance
and support process optimization is still limited (Chapter 4). Finally, research on co-digestion
strategies for FIPWW at laboratory or pilot scales remains insufficient, despite the operational
challenges associated with its low alkalinity and low nutrient content, together with its high
carbon content that can promote rapid acidification during AD (Chapter 5).

Given the global imperative to improve resource recovery from wastewater and the limited
research on advanced AD systems for these specific substrates, there is a need to investigate
the performance, and optimization of UASB and EGSB reactors for BW and FIPWW treat-
ment.

1.3. Research objectives

The overarching aim of this thesis is to advance the understanding and application of
high-rate AD UASB systems for treating BW and FJPWW, to propose operational
actions to improve understanding of system performance and to enhance the perfor-
mance of such systems, with emphasis on full-scale operation, process optimization, and
co-digestion. Specifically, this research seeks to:

1. Conduct an overall performance evaluation of full-scale anaerobic digesters, with pro-
posed operational actions to improve understanding of system performance and en-
hance the performance of such systems.

2. Evaluate the co-digestion potential of FJPWW and PS to enhance overall AD process
performance.

1.4. Structure of the thesis

This thesis consists of seven chapters, of which the present Chapter 1 is the Introduction.

Chapter 2 presents a literature review on AD fundamentals, anaerobic reactors used for AD,
AD of BW, AD of highly biodegradable wastewater, and co-digestion.

Chapter 3 provides an overview of the case studies, substrates, analytical methods, and main
methodological limitations included in the thesis. The case studies are first introduced together
with their substrates, reactor configurations, study scales, and links to the research objectives.
The following sections then summarize the analytical methods and limitations relevant to in-
terpreting the results. Detailed methodological descriptions are provided in the corresponding
study chapters.

Chapter 4 presents a study on a novel full-scale UASB reactor treating BW. This work has
been published as a paper entitled “Performance of a full-scale anaerobic UASB digester treat-
ing blackwater from an urban city district in Helsingborg, Sweden (Cleaner Water, 4, 100082.).
The research was conducted at Lund University and NSV A in Helsingborg, Sweden.
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Chapter S focuses on the AD of FJPWW in a two-stage AD system consisted of homogeniza-
tion tank and two full-scale EGSB reactors at the Bronzolo treatment plant in Italy. This work
is ready for submission to a peer-reviewed journal as a paper entitled “Performance Evaluation
of a Full-Scale Two-Stage Anaerobic Digestion System Treating Fruit Juice Processing
Wastewater”. The research was conducted at Bronzolo treatment plant and the university of
Brescia, Italy.

Chapter 6 investigates the potential of co-fermenting and co-digesting FJPWW with PS to
improve the VFA production and methane production and overall anaerobic digestion perfor-
mance. This work is ready for submission to a peer-reviewed journal as a paper entitled “co-
digesting fruit juice processing wastewater with primary sludge on VFA and methane produc-
tion” (ref....). The research was conducted at Bronzolo treatment plant and the university of
Brescia, Italy.

Chapter 7 provides an overall discussion of the key findings from Chapters 3, 4, and 5. It
connects the insights gained from treating different waste streams, such as BW and FIPWW,
using high-rate AD systems, and highlights the scientific contributions of the thesis. This chap-
ter also discusses the limitations of the studies and explores their practical and environmental
implications.

Chapter 8 summarizes the main conclusions and offers suggestions for future research.
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Chapter 2. Literature Review

2.1. Fundamentals of Anaerobic Digestion

Anaerobic digestion (AD) consists of four metabolic stages: hydrolysis, acidogenesis, aceto-
genesis, and methanogenesis (Fig. 2.1). During hydrolysis (solubilization), extracellular en-
zymes depolymerize high molecular weight substrates (lipids, carbohydrates, and proteins) into
soluble organic compounds, notably fatty acids, sugars, and amino acids (Van et al., 2020).
These products are subsequently fermented during the acidogenesis stage, where acidogenic
microorganisms transform them into volatile fatty acids (VFAs) (Chozhavendhan et al., 2023).
In the third stage (acetogenesis), acetogens convert most VFAs into acetic acid (CH;COOH),
hydrogen (Hz), and carbon dioxide (COy) (Srisowmeya et al., 2020). In the final stage (meth-
anogenesis), methane (CH4) is produced by the methanogens. Methane is produced mainly via
two routes: hydrogenotrophic and acetoclastic methanogenesis. In acetoclastic methanogene-
sis, acetotrophic methanogens convert carboxylic acid into methane and carbon dioxide,
whereas in hydrogenotrophic methanogenesis, hydrogenotrophic methanogens produce me-
thane from carbon dioxide and hydrogen (Srisowmeya et al., 2020; Van et al., 2020).

1 Feedstock i Lipids Carbohydrate  Protein :

Hydﬁlysis _____ L ___________ J, ___________ ‘L .....

Fatty acids  Glucose Amino acids

Acid phase
reactor

~ Acidogenesis l

ﬂ VFAs
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S CH,, CO,

Fig. 2. 1. Stages of anaerobic digestion (AD). Adapted from Tho & Thanh (2025).

AD may be implemented as a single-stage or a two-stage process or multiple stages. In a single-
stage configuration, all microbial conversions occur in one reactor. By contrast, two-stage AD
separates the phases so that operating conditions can be aligned with the requirements of each
microbial group, thereby improving efficiency (Holl et al., 2022; Simeonov et al., 2025; Sris-
owmeya et al., 2020). This separation is driven by intrinsic differences in growth kinetics and
process optima. Microorganisms involved in hydrolysis and acidogenesis exhibit higher
growth rates (0.05 to 1.79 h™!) and generally prefer mildly acidic conditions (Xu et al., 2012).
Conversely, microorganisms responsible for the methane production step (methanogens) have
a slower growth rate (0.008 to 0.173 h'!) and perform best under a slightly alkali environment
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(Xu et al., 2012). In addition, acidogenic bacteria are less affected by changes in environmental
factors such as temperature and pH (Venkiteshwaran et al., 2015).

In two-stage AD, the first reactor is operated to favor hydrolytic and acidogenic bacteria (pH
5-6, short hydraulic retention times), generating VFAs along with CO: and Ha (Fuentes et al.,
2021). The second reactor is then maintained to support methanogens (pH 6—8, longer retention
times), where acetic acid is converted to methane (Fuentes et al., 2021; Simeonov et al., 2025;
Srisowmeya et al., 2020) Compared with single-stage operation, this arrangement typically
provides greater stability and increased tolerance to organic loads, and it may facilitate recov-
ery of valuable byproducts (Fuentes et al., 2021). Phase separation also strengthens pH control,
supporting higher biogas yields and improved substrate degradation (Fuentes et al., 2021;
Perera et al., 2012). For instance, in food waste digestion, two-stage systems have been reported
to reach COD removal efficiencies 35% higher than single-stage systems (Parra-Orobio et al.,
2021).

Two-stage AD may be especially appropriate for high-sugar wastewaters such as FIPWW,
which can destabilize single-stage systems (Feng et al., 2020). Reported outcomes include
acidification degrees of 54-89%, and methane yields of 0.25-0.37 m® kg™! CODyemoved sSuggest-
ing effective performance of two-stage AD systems (Bergland et al., 2010; Carvalheira et al.,
2018; Mateus et al., 2020).

2.2. Key factors affecting the Anaerobic Digestion process

The AD process is influenced by several substrate-related, microbial, and operational parame-
ters, including the food-to-microorganism ratio (F/M), pH, volatile fatty acid-to-alkalinity ra-
tio, temperature, substrate characteristics, organic loading rate (OLR), hydraulic retention time
(HRT), solids retention time (SRT), and carbon-to-nitrogen ratio (C/N). This section discusses
the effects of these parameters on overall AD performance.

2.2.1. Food to Microorganism (F/M) ratio

F/M ratio represents the capacity of the microbiota to utilize the available substrate (Tho &
Thanh, 2025). Maintaining the F/M ratio within an appropriate range is consistently identified
as a primary determinant of bioreactor efficiency (Tho & Thanh, 2025). Food refers to the
organic matter load, commonly quantified as total organic carbon, COD, or VS (Tho & Thanh,
2025). The microbial fraction is typically expressed as mixed liquor volatile suspended solids
(MLVSS) for liquid feedstocks and as VS for solid feedstocks.

In wet single-stage AD (low TS content, TS < 10%), stable methane formation has been re-
ported at low F/M values (< 0.4 g COD g VS d!) (Fuess et al., 2024). For dry single-stage
AD (high TS content, TS > 15%), which is regarded as more robust than wet single-stage AD,
suitable F/M values have likewise been reported in the low range of 0.13-0.17 g VS g'! VS d!
(Van et al., 2020). However, these values should not be directly generalized to high-rate anaer-
obic systems such as UASB and EGSB reactors, where biomass retention allows the SRT to
be decoupled from the HRT and enables the AD process to be conducted at shorter HRTs and
higher volumetric loading rates (Mainardis et al., 2020; van Lier et al., 2015). Therefore, the
F/M ratio should be interpreted together with HRT and SRT: decreasing HRT at a given influ-
ent concentration increases the applied organic load, whereas increasing SRT or retained bio-
mass lowers the effective F/M ratio and could improve process stability.
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More recent work indicates that, when aiming for optimal fermentation activity, the acidogenic
reactor should operate at F/M ratios between 4.0 - 6.0 g COD g! VSS d! (Fuess et al., 2024).

2.2.2. pH and VFA/alkalinity ratio

pH plays a crucial role in the oxidation reduction potential of the anaerobic process (Simeonov
et al., 2025). Thus, it directly impacts the metabolic pathway (Simeonov et al., 2025: Cremonez
etal., 2021).

The ideal pH range for the overall digestion process (systems without stage division) is close
to neutrality (6.8-7.5), mainly due to the high sensitivity of methanogenic microorganisms to
different pH conditions (Agdag & Sponza, 2007; Mao et al., 2015; Jain et al., 2015; Saratale et
al., 2018). Nevertheless, the individual process stages have distinct pH optima. Hydrolysis can
occur across a broad pH window of 4 - 11 (Zhang et al., 2009). For acidogenesis, the optimal
pH for VFA production is 5.5 to 6.5 (Mao et al., 2015; Jiang et al., 2013; Lindner et al., 2015).
In acetogenesis, the process is inhibited when pH < 3.8 (Moestedt et al., 2016). A mildly acidic
environment (pH of 6.0 to 6.5) favors acetogenic activity, and acetogens are less affected by
pH fluctuations in the incoming substrate under these conditions (Nayono, 2010). During meth-
anogenesis, methane-forming bacteria are highly sensitive to pH fluctuations (Tho & Thanh,
2025). Although methanogenesis can occur between pH of 6.5-8.2, the optimal range is 7.0 to
7.2 (Mao et al., 2015). These pH requirements are one of the main operational reasons for using
two-stage AD systems, as phase separation allows the acidogenic reactor or tank to be main-
tained under mildly acidic conditions that favor VFA formation, while the methanogenic reac-
tor can be operated closer to neutrality to support methane production and process stability
(Demirel & Yenigiin, 2002; Wang et al., 2016; Zheng & Li, 2024).

The VFAs/alkalinity (VFA/ALK) ratio is a useful indicator of digester stability because it re-
flects the balance between acid accumulation and the system’s buffering capacity. An increase
in this ratio can indicate that VFA production exceeds consumption, which may precede pH
decline, methanogenic inhibition, and process instability (Simeonov et al., 2025). Since the
VFA/ALK ratio is influenced by operating conditions and substrate composition, it should be
interpreted as an early-warning indicator of imbalance rather than as a stand-alone cause of
inhibition. A VFA/ALK ratio of 0.1-0.25 is usually considered favorable without the risk of
acidification (Khanal, 2008). An increase in the ratio beyond 0.3-0.4 indicates digester upset,
and corrective measures are required (Khanal, 2008).

2.2.3. Temperature

Temperature is a key operational factor affecting the growth and activity of microbial commu-
nities involved in hydrolysis, acid formation, and biogas generation. On this basis, AD systems
are typically categorized by operating temperature into psychrophilic (< 20°C), mesophilic
(20-45°C), and thermophilic (55-70°C) regimes (Divya et al., 2015; Kumar et al., 2020).

Mesophilic operation is frequently used and preferred because this intermediate range gener-
ally promotes higher process stability and accommodates a wider diversity of active anaerobic
microorganisms (Kainthola et al., 2019). Consequently, this temperature regime is widely used
in applications where high methane production is desired (Cremonez et al., 2021).

By comparison, thermophilic conditions may enable higher organic loading rates and acceler-
ate the early-stage hydrolysis of substrates, which can shorten hydraulic retention time (HRT)
and enhance biogas production (Kainthola et al., 2019). Nevertheless, higher temperatures may
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reduce the diversity of active microorganisms resulting in a more sensitive AD system, and the
associated rapid degradation can increase the formation of toxic compounds that may impair
or inhibit the development of methanogenic microorganisms (Kainthola et al., 2019).

2.2.4. Substrate characteristics

AD systems can be fed with a broad range of substrates, such as food waste, agricultural resi-
dues, industrial and municipal wastewater, sludge, source separated blackwater (BW), and
highly biodegradable wastewater including FJPWW (Abuzir et al., 2025; Li et al., 2019). Be-
cause each biomass type comprises a distinct and heterogeneous set of organic and inorganic
components, substrate selection can substantially affect digestion performance (Cremonez et
al., 2021). As a result, biogas output is closely tied to substrate composition (Rasapoor et al.,
2020).

In most biogas production systems, the primary organic constituents are carbohydrates, pro-
teins, and lipids (Batstone et al., 2002). Of these, proteins are typically viewed as less favorable
for biogas generation because their degradation may form toxic compounds and lead to inhib-
itory effects (Braun et al., 2003). Even so, when maintained at balanced levels, nitrogen avail-
ability remains necessary for cell generation, producing equivalent moles of ammonia nitrogen,
in addition to bicarbonate alkalinity (Ma et al., 2018).

Carbohydrate-rich substrates, particularly those dominated by readily fermentable sugars, tend
to degrade quickly and can support high biogas production over short timeframes (Cremonez
etal., 2021). At the same time, rapid conversion to volatile acids can lower pH and compromise
overall process performance (Cremonez et al., 2021). More broadly, carbohydrate-rich materi-
als often exhibit low C/N ratios, which can hinder cell formation and decrease biogas produc-
tion rates (Jain et al., 2015). For this reason, co-digestion is widely regarded as an effective
strategy to balance substrate properties (Rasapoor et al., 2020).

Lipids represent one of the most energy-dense substrate fractions and are strongly associated
with higher specific methane yields; accordingly, they can influence chemical oxygen demand
recovery as this highly energetic gas (Srisowmeya et al., 2020; Suksong et al., 2015). However,
lipid breakdown is generally slow in digesters and commonly requires pre-treatments, includ-
ing enzyme-based approaches, to accelerate degradation (Cremonez et al., 2021).

2.2.5. Organic loading rate (OLR) and retention time (HRT and SRT)

Organic loading rate (OLR) quantifies the daily input of organic matter to a reactor per unit
working volume and is commonly expressed as kg COD or kg VS m™ d”! (Hartmann & Ahring,
2006; Tho & Thanh, 2025). Hydraulic retention time (HRT) refers to the period during which
the substrate remains in the reactor, whereas solid retention time (SRT) describes how long
microorganisms are maintained within the system (Tho & Thanh, 2025). The required HRT is
closely linked to substrate biodegradability and degradation kinetics: slowly degradable sub-
strates generally require longer retention times, whereas readily biodegradable substrates may
be treated at shorter HRTs. Conversely, when HRT is constrained by reactor volume or flow
rate, the achieved degree of degradation may vary because a shorter HRT reduces the contact
time between the substrate and anaerobic biomass (Fig. 2.2). Reported OLRs also depend on
substrate characteristics, operating conditions, and reactor design, and values up to 40 kg COD
m> d! in high-rate AD systems have been published (Corbari et al., 2019; Cruz-Salomén et
al., 2019; Jijai et al., 2015; Jiraprasertwong et al., 2019).
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Fig. 2.2. Relationship between substrate degradation rate and hydraulic retention time in anaerobic digestion
(AD) processes for different substrates. Adapted from Akunna (2018).

Because OLR and HRT are inversely related (OLR =kg COD or kg VS HRT™), reducing HRT
increases OLR (Tho & Thanh, 2025). If OLR rises beyond a critical limit, VFAs can accumu-
late and cause pH to decrease (Tho & Thanh, 2025), which suppresses methanogenic activity
and may halt biogas production (Zaher et al., 2007). Consequently, early signs of OLR overload
include declining biogas generation and a drop in pH (Tho & Thanh, 2025). Across substrates
and reactor types, reported HRTs range from more than 6 hours up to 85 days: highly biode-
gradable feeds generally allow shorter HRTs, whereas substrates with high solids require
higher HRTs (TS>15%) (Tho & Thanh, 2025; Kongjan et al., 2013; Santos et al., 2017; da
Silva et al., 2019; Arantes et al., 2020; Cremonez et al., 2021; Larsson et al., 2015).

Regarding SRT, optimizing biogas production typically requires >20 days under mesophilic
conditions, while at thermophilic temperatures the recommended SRT is 7-15 days (Tho &
Thanh, 2025; Paudel et al., 2017). However, the relationship between HRT and SRT depends
strongly on reactor configuration. In completely stirred tank reactors (CSTRs) without biomass
retention, SRT is generally close to HRT because microorganisms leave the reactor with the
effluent. In contrast, high-rate anaerobic systems, such as UASB and EGSB reactors, retain
biomass as granules or sludge beds, allowing SRT to be decoupled from HRT. This enables
operation at shorter HRTs while maintaining sufficient active biomass for organic matter con-
version and methane production (Tassew et al., 2019; Mainardis et al., 2020).

2.2.6. Carbon to nitrogen ratio (C:N)

Carbon contained in degradable organic structures is a key requirement for digestion because
it serves as a direct precursor for methane formation, while nitrogen (derived mainly from pro-
teins) is necessary for synthesizing the bacterial biomass that drives the process. For this rea-
son, an appropriate balance between carbon and nitrogen is crucial for the AD process (Cre-
monez et al., 2021). Reported optimal C/N ratios typically fall between 20 and 35 (Weiland,
2006; Khalid et al., 2011). When the C/N ratio is high, inoculum renewal and the formation of
new cells can become limiting; conversely, very low C/N ratios (i.e., elevated nitrogen as am-
monium concentrations) may increase environmental toxicity to the microorganisms of interest
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(Esposito et al., 2012; Rocamora et al., 2020). Additionally, nitrogen present as nitrite can
markedly enhance substrate solubilization, hydrolysis, and organic acidification because of its
redox properties (Cremonez et al., 2021).

2.3. Anaerobic Reactor Technologies Studied in the Thesis

Anaerobic digestion of waste and wastewater can be carried out in a range of bioreactors/di-
gesters, with the choice affected by substrate characteristics and the targeted effluent quality.
Widely applied configurations include Continuous Stirred-Tank Reactor (CSTR), Anaerobic
Baffled Reactors (AnBR), Moving Bed Biofilm Reactors (MBBR), Up-flow Anaerobic Sludge
Blanket Reactors (UASB), and the Expanded Granular Sludge Blanket (EGSB), which is an
evolution of UASB reactors (Gianico et al., 2015; Barber & Stuckey, 1999; Morgan-Sagastume
et al., 2024; Abuzir et al., 2025; Yan et al., 2021).

In this thesis, the emphasis was placed on high-rate anaerobic digesters, specifically UASB and
EGSB for treating BW (Chapter 3) and FIPWW (Chapter 4). Interest in high-rate anaerobic
digestion systems has grown in recent years because these systems combine high loading ca-
pacity with low sludge production (Chong et al., 2012). A key advantage is that biomass reten-
tion (SRT) is decoupled from HRT, enabling a substantial reduction in reactor volume relative
to conventional systems (Latif et al., 2011).

2.3.1. Upflow anaerobic sludge blanket reactors (UASB)

The upflow anaerobic sludge blanket (UASB) reactor was first developed in the Netherlands
in the 1970s, and its adoption expanded quickly because it was reported to perform exception-
ally well across a range of biodegradable wastewater streams (Lim et al., 2014). One defining
characteristic of the UASB configuration is the presence of granular sludge, which enables
retention of highly active biomass with strong settling properties within the reactor (Latif et al.,
2011), thereby enhancing sludge—effluent separation.

Fig. 2.3 and 2.4 illustrate a simplified schematic and a real-world example of a UASB reactor.
In this system, wastewater is introduced at the reactor base and moves upward through the
“sludge blanket,” which comprises a bed of granular sludge (Tauseef et al., 2013). This con-
figuration promotes effective interaction and mixing between the influent substrate and the
biomass, supporting rapid anaerobic degradation (Tauseef et al., 2013). UASB reactor perfor-
mance is primarily determined by the granular sludge bed, which expands as wastewater rises
vertically through the bed (Abbasi et al., 2012). Pollutant removal is achieved by microflora
associated with the sludge granules; accordingly, biofilm quality and the degree of sludge—
wastewater contact are critical determinants of UASB reactor success (Abbasi et al., 2012).
Biogas produced during treatment further enhances mixing and contact, while a three-phase
gas-liquid-solid separator in the upper section enables biogas collection and separates it from
the liquid effluent and remaining sludge particles (Tauseef et al., 2013). Typical UASB geo-
metrical and operational parameters include a height to diameter ratio of 0.2—0.5 and an up-
flow velocity of 0.5-1.0 m h™! (Lim et al., 2014).
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Compared with aerobic wastewater treatment, anaerobic treatment of wastewater in UASB re-
actors requires less energy, maintains high efficiency at higher organic loading rates, requires
only limited micro- and macronutrients, and produces less sludge with improved dewaterability
(Lim et al., 2014). Notably, only about 5-10% of the organic matter in wastewater is transferred
to the sludge fraction (Lim et al., 2014). However, UASB treatment is also recognized to have
a limited effect on nutrients (nitrogen and phosphorous) and on micro-pollutants removal (Vas-
salle et al., 2020).
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2.3.2. Expanded granular sludge blanket reactors (EGSB)

Expanded anaerobic sludge blanket (EGSB) reactors are the predominant configuration applied
in industrial wastewater treatment and represent about 90% of such systems worldwide (van
Lier et al., 2015). Like UASB systems, they depend on the development of dense granular
biomass without additional supports; this is driven by upflow turbulence, which promotes ef-
fective biomass—substrate contact and enables high OLR and lower HRT than conventional
digesters (Cruz-Salom on et al., 2019). The EGSB reactors were developed in the mid-1980s
by Biothane Anaerobic Technologies (now VEOLIA). The EGSB reactors are an advancement
of the UASB concept. A simplified scheme and a real example of an EGSB reactor are pre-
sented in Fig. 2.5 and 2.6.

Biogas

Cover plate (gas-tight)

Gas-collecting space

——— Effluent-collecting system

Settler unit

Degasifying unit

=

Expanded granular sludge bed

4

Effluent

Influent distribution system
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Fig. 2.5.EGSB reactor process scheme. Adopted from Chen et al. (2020).

Fig. 2.6. Full-scale EGSB reactors (highlighted in red) treating FJPWW.
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Although the two configurations share the same biological principles, the EGSB operates at
substantially higher upflow velocity (Vup) (typically 4-10 m h™! versus 0.5-1.0 m h! in UASB).
This higher Vy, increases mixing intensity and improves mass transfer. Moreover, a taller re-
actor column combined with an effluent recirculation system strengthens biomass—substrate
contact, reduces dead zones and preferential flow paths, and supports more efficient use of the
reactor volume (Lim and Kim, 2014). Under these conditions, highly compact and dense gran-
ular biomass can form and be stably retained along the entire reactor height in a stratified way,
aided by the high height-to-diameter ratio. This, in turn, enables a strong decoupling between
SRT and HRT and allows operation under high OLRs.

At full scale, EGSB technology has been implemented for carbohydrate-rich wastewater with
relatively low suspended solids (SS) and moderate organic concentrations, commonly from the
food industry (Yan et al., 2021a), distilleries (Lin et al., 2020), or pulp and paper production
(Fykse et al., 2016), with chemical oxygen demand (COD) removal efficiencies of 80—90%.
Nevertheless, diffusion limitations and the need to optimize conditions for improved microbial
activity and biogas yield remain key challenges (Meng et al., 2021). In addition, the diversity
of WW types treated introduces uncertainty regarding optimal operational conditions (Aragén-
Barroso et al., 2026).

A central feature of EGSB operation is the spontaneous development of dense microbial gran-
ules, which support efficient pollutant degradation through syntrophic interactions across di-
verse communities. By providing a protective microenvironment, granules can enhance meta-
bolic activity under harsh conditions, improve biomass retention, and help the system withstand
fluctuations, thereby strengthening reactor stability and effluent quality (Show et al., 2020).
Spatial stratification within granules is also observed: acidifying and hydrolytic bacteria pre-
dominate in the outer layers, whereas methanotrophs are concentrated in the core, facilitating
syntrophic interactions and substrate transport. Despite these observations, granulation in
EGSB reactors remains poorly understood (Lim & Kim, 2014; van Lier et al., 2015), largely
because few studies have examined how operational variables influence biomass aggregation
and microbial dynamics.

2.4. State-of-the-Art in Source-Separated Blackwater Treatment via AD

Conventional domestic wastewater management at the household and residential levels gener-
ally relies on gravity sewer networks that convey wastewater to centralized treatment facilities;
however, this configuration can impose both technical and economic constraints that hinder
efficient recovery of resources and energy (Gao et al., 2019a; Papa et al., 2017). As a potential
solution, source-separation treatment concepts have been advanced as a viable strategy (Fig.
2.7) (Gao et al., 2019b; Huang et al., 2023; Kujawa-Roeleveld et al., 2006). In these systems,
domestic wastewater is partitioned into blackwater (BW) from toilets and greywater (GW)
from showers, laundry, and sinks, with food waste (FW) from kitchen disposers optionally
incorporated (Skambraks et al., 2017). This separation is motivated by the contrasting compo-
sitions of the streams: BW typically carries concentrated carbon sources and nutrients, includ-
ing nitrogen and phosphorus (Hernandez Leal et al., 2007; Otterpohl et al., 1999), while GW
accounts for most of the wastewater volume but contains comparatively low nutrient loads
(Oteng-Peprah et al., 2018). Accordingly, handling BW and GW independently can enhance
the optimization of resource recovery (Wang et al., 2023).
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With vacuum toilets, BW can be collected using very small flush volumes (approximately one
liter per flush), which increases its suitability for anaerobic digestion (AD) and strengthens
prospects for biogas generation (Gao et al., 2019b; Kjerstadius et al., 2015; Otterpohl et al.,
2004). In parallel, nutrients in BW can be recovered through processes such as struvite precip-
itation (Xu et al., 2023) and ammonia stripping (Kujawa-Roeleveld et al., 2006), producing
outputs that can be applied as fertilizers (Desmidt et al., 2015; Moges et al., 2020).

Findings from studies evaluating AD of source-separated BW in small-scale digesters, includ-
ing CSTRs (Wendland et al., 2007), accumulation systems (Kujawa-Roeleveld et al., 2006),
UASB-septic tanks (Kujawa-Roeleveld et al., 2006), and UASB reactors (De Graaff et al.,
2010), collectively suggest encouraging performance. For instance, Wendland et al. (2007) re-
ported 61% CODyotat removal and a 60% degree of methanization (the amount of influent COD
converted into methane during the AD process, expressed as kg CH+-COD kg 'CODj, and rep-
resented as a percentage (%)) in a mesophilic CSTR. Similarly, Kujawa-Roeleveld et al. (2006)
recorded a 58% degree of methanization during AD of BW combined with kitchen refuse in a
small-scale accumulation system operated at 20°C. Kujawa-Roeleveld et al. (2005) further as-
sessed a lab-scale UASB-septic tank treating BW at 15°C and 25°C, achieving CODyotal remov-
als of 61% and 78% and associated degrees of methanization of 39% and 60%, respectively.
De Graaff et al. (2010) finally showed effective BW treatment in a lab-scale flocculant sludge
UASB reactor at 25°C, attaining 78% CODxota removal and a 54% degree of methanization.
However, these studies also indicate important remaining challenges, including incomplete
conversion of influent COD to methane, operation mainly at laboratory or pilot scale, and the
high ammonium content of source-separated BW, which could inhibit methanogenesis if free
ammonia accumulates under unfavorable pH and temperature conditions (De Graaff et al.,
2010; Florentino et al., 2019; Kujawa-Roeleveld et al., 2006; Wen et al., 2022).
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2.5. Anaerobic Digestion of Highly Biodegradable Wastewater from the bever-
age industry (Fruit Juice Processing Wastewater)

Highly biodegradable wastewater such as FJPWW is typically characterized by a high organic
load (375-124,800 mg COD L) and is often accompanied by low pH and low alkalinity. It
also commonly exhibits a high carbon-to-nitrogen (C:N) ratio, which results in nutrient imbal-
ances (Dold & Ekama, 1981; Ozbas et al., 2006; Tyagi et al., 2019). In combination with sub-
stantial fluctuations in flow volume, these properties increase the overall complexity of treat-
ment (Austerman-Haun & Rosenwinkel, 1997; Chen et al., 2019; Dold & Ekama, 1981; Ozbas
et al., 2006; Valta et al., 2015; Zerrouki et al., 2021). Nevertheless, because FJPWW contains
high levels of biodegradable organics, it remains a suitable feedstock for biogas production as
a clean and environmentally friendly energy source via biological processes such as anaerobic
digestion (AD) (Mateescu et al., 2008; Zerrouki et al., 2021).

AD of highly biodegradable substrates from the beverage industry such as FJPWW has been
evaluated across multiple bioreactor scales and has generally demonstrated stable and effective
performance with respect to COD removal and methane generation. Austermann-Haun et al.
(1997), for instance, reported COD removal of more than 80% during treatment of wastewater
effluent from a fruit juice industry in a full-scale UASB reactor. Using lab-scale two-stage up-
flow anaerobic sponge reactors (UASRs), El-Kamah et al. (2010) treated wastewater generated
from the fruit juice industry and achieved COD removal of 91-70%. In addition, Cuff et al.
(2018) treated wastewater generated from a soft drink industry in an EGSB, obtaining COD
removal of more than 85% and a daily methane production of up to 1950 Nm® CHy d"'. Finally,
Chun-Te Lin et al. (2020) treated wastewater in a whiskey distillery using EGSB and external
circulation sludge bed (ECSB) reactors and achieved COD removals of 94.8-95.7%.

2.6. Principles and Applications of Co-digestion

Despite their widespread use, mono-digestion presents notable limitations, such as digester in-
stability (Li et al., 2018), restricted year-round availability of certain substrates (Mata-Alvarez
et al., 2014), and reduced biogas/methane yield (Zahan et al., 2018). For example, readily bio-
degradable organic waste streams (e.g., FJPWW) may trigger a rapid build-up of high concen-
trations of volatile fatty acids (VFA) in digesters, thereby inhibiting methanogens (L1 et al.,
2018). In contrast, high proteinaceous wastes (e.g., slaughterhouse waste and BW) can lead to
the formation of toxic compounds, including ammonia (NH3) (Mu et al., 2020). To some de-
gree, these problems can be alleviated through operational measures such as pH adjustment
(via alkali supplementation) (Zapata Martinez et al., 2019), retention time control (Vanwonter-
ghem et al., 2015), intermittent feeding (Bonk et al., 2018), micro-aeration (Nguyen et al.,
2019), and implementation of a two-stage AD system (Rajendran et al., 2020). However, adopt-
ing such measures increases both operational complexity and costs.

Anaerobic co-digestion provides a route to reduce the limitations of mono-digestion by digest-
ing two or more feedstocks simultaneously (Karki et al., 2021). Key advantages include im-
proved process stability and higher methane yield, driven by synergistic interactions such as
support for a more diverse microbial community (Mata-Alvarez et al., 2014), better nutrient
balance (proper carbon-to-nitrogen (C/N) ratio and supplementation of trace elements) (Xie et
al., 2018), and enhanced buffering capacity (Bolzonella et al., 2006).
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Typical co-feedstocks include food waste (Bong et al., 2018), sewage sludge (Mehariya et al.,
2018; Bolzonella et al., 2006), and animal manure (Zahan et al., 2018). For example, Kamra-
vamanesh et al. (2024) evaluated the potential of co-digesting BW with food waste (FW) re-
ported a 38% increase in methane yield. Li et al. (2013) co-digested corn stover with chicken
manure (3:1), which ensured 0.4 C:N for process stability and increased methane yield by 0.87
times. In addition, Pitk et al. (2013) co-digested slaughter-house waste (5% w/w) with sewage
sludge and observed an increase in biomethane by 5.7 times. However, the selection and choice
of co-substrates should not only be based on the improvement of the process performance,
since it may affect the quality of the digestate and therefore influences its potential end use
(Azarmanesh et al., 2023; Rao & Baral, 2011; Tormo, 2015). Consequently, the selection of
co-substrates depends on the local treatment context, including substrate availability, regula-
tory conditions, contaminant content, and whether the digestate is intended for agricultural re-
use (Catenacci et al., 2022; Delzeit & Kellner, 2013; Gopinath et al., 2021).

Although co-digestion can offer substantial benefits, antagonistic effects arising from an in-
compatible feedstock mixing ratio may result in organic overloading, acidification, and even-
tual system failure (Chow et al., 2020). Such risks can be reduced by characterizing the heter-
ogeneous organic compounds present in digester feedstocks and by understanding their intrin-
sic biodegradability patterns (Hagos et al., 2017).

2.7. Methodological Approaches in AD Research

In this subsection, methodological approaches in AD research such as biochemical methane
potential (BMP) and specific methanogenic activity (SMA) tests are described. These tests
provide insights into substrate biodegradability, methane production potential, and the meth-
anogenic activity of the biomass.

2.7.1. Biochemical methane potential (BMP)

BMP tests provide insights into the methane potential and the biodegradability of a substrate
(Filer etal., 2019). In a BMP test, the substrate is combined with anaerobic biomass (suspended
or attached), typically collected from an active digester (Filer et al., 2019). Incubation bottles
are maintained at a constant temperature commonly in the range of 35°C to 55°C and continu-
ously mixed for 30-60 days (Holliger et al., 2016; Stromberg et al., 2014). During incubation,
anaerobic degradation of the substrate’s organic matter produces methane and carbon dioxide
(Filer et al., 2019). Methane production attributable to the substrate is determined by measuring
methane formation and correcting for background gas formation using a blank; methane po-
tential is then expressed per mass of volatile solids added or COD added (Filer et al., 2019).
Biodegradability can also be reported by normalizing the cumulative methane yield to the the-
oretical cumulative methane production, calculated using the relationship 1 g COD = 0.35 mL
CHy at standard temperature and pressure conditions (STP) (Angelidaki et al., 2004).

2.7.2. Specific methanogenic activity (SMA)
SMA quantifies the methane-producing capacity of anaerobic biomass (suspended or attached)
for a given substrate (acetic acid is most common) and is measured at a concentration where

substrate availability is not a limiting factor (Hussain & Dubey 2014; Remigi et al., 2006). The
amount of active methanogenic biomass in an anaerobic reactor is a key determinant of

Page | 21



effective wastewater treatment performance (Hussain et al., 2017). SMA testing can also help
define suitable operating conditions and serve as a performance indicator by improving insight
into process stability and overall reactor function (Hussain et al., 2017). In addition, SMA tests
support assessment of anaerobic sludge with respect to methanogenic activity and relative mi-
crobial levels under varying conditions (Hussain et al., 2017). Applying SMA enables estima-
tion of the potential loading capacity of anaerobic treatment systems, thereby supporting selec-
tion of appropriate organic loading rates (Javed & Tare, 1999).

2.7.3. Opportunities and Challenges in Scaling anaerobic digestion (AD) ResearchAD
research is performed across a range of experimental scales, each offering specific strengths
and limitations. Laboratory-scale studies (or bench-scale studies) are especially useful for ex-
amining biodegradability, microbial responses, substrate interactions, inhibitory phenomena,
and the effects of individual operating parameters under controlled conditions. Nevertheless,
such experiments are often conducted under simplified and tightly regulated conditions, which
can lead to discrepancies between the measured performance and the behaviour of larger sys-
tems operated under real-world conditions (Ilo et al., 2021; Wickham et al., 2019).

Pilot-scale studies serve as a crucial transitional stage between laboratory experiments and full-
scale application. Unlike batch or bench-scale systems, pilot reactors are better able to reflect
the effects of continuous feeding, hydrodynamic behaviour, mixing conditions, sludge reten-
tion, and operational variability. As a result, they provide a more representative basis for eval-
uating process stability, control needs, and scale-dependent design limitations. This is espe-
cially important in anaerobic digestion, where factors such as varying organic loads, mixing
intensity, reactor configuration, and mass transfer can vary markedly with scale and substan-
tially affect reactor performance (Singh et al., 2019; Wickham et al., 2019).

Full-scale studies are essential for evaluating the practical applicability of AD technologies
under real operating conditions. At this scale, process performance is influenced not only by
biological and physicochemical factors, but also by feedstock availability and variability, op-
erational reliability, energy demand, maintenance, plant integration, and economic and regula-
tory constraints. Consequently, direct translation of laboratory or pilot results to full-scale prac-
tice is not always straightforward. The progression from laboratory to pilot and full scale should
therefore be understood not simply as an increase in reactor volume, but as a transition toward
greater operational complexity and higher technology readiness. Recognizing these scale-re-
lated differences is important for interpreting AD literature and for motivating the combined
use of lab-, pilot-, and full-scale evidence in the present thesis (Elsayed et al., 2024; Nghiem et
al., 2017).

2.8. Knowledge Gaps Addressed by This Thesis

AD has advanced substantially through laboratory- and pilot-scale studies; however, uncer-
tainties remain when translating these outcomes to full-scale installations, particularly for
high-strength wastewater such as BW and highly biodegradable wastewater such as FJPWW.
Source-separated BW, for example, is typically characterized by a low C:N ratio, which can
be addressed through co-digestion with source-separated food waste (FW) (Kamravamanesh
& Koko, 2024). However, the full-scale potential of co-digesting source-separated BW with
source-separated FW has not been sufficiently investigated.
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FIJIPWW is highly biodegradable and may therefore promote volatile fatty acid (VFA) accumu-
lation. One strategy to mitigate this risk is to separate the hydrolysis/acidogenesis and methan-
ogenesis stages in a two-stage anaerobic digestion system (Zheng & Li, 2024). However, the
optimization of full-scale two-stage anaerobic digestion for treating FJPWW has not been ad-
equately explored. Key evidence gaps include: (i) for source-separated BW, a lack of studies
on full-scale applications ; and (ii) for highly biodegradable wastewater such as FJPWW, a
lack of studies on full-scale two-stage AD in R2S reactors, including recommendations for
plant monitoring and operation, and on optimizing the overall two-stage AD system via co-
digestion. Accordingly, this thesis addresses these gaps in Chapters 3, 4, and 5.
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Chapter 3. Methodology

This chapter provides an overview of the case studies, substrates, analytical methods, and main
methodological limitations included in the thesis. The case studies are first introduced together
with their substrates, reactor configurations, study scales, and links to the research objectives.
The following sections then summarize the analytical methods and limitations relevant to in-
terpreting the results. Detailed methodological descriptions are provided in the corresponding
study chapters.

3.1. Case studies
3.1.1. Case 1 — Source-separated blackwater treatment (BW)

Source-separated blackwater (BW) was collected from domestic and office buildings in the
new city district of Oceanhamnen, Helsingborg, Sweden, using vacuum toilets that have been
in operation since 2020. This substrate consisted of toilet-derived wastewater collected sepa-
rately from other domestic wastewater streams. The BW was treated in a full-scale 50 m* up-
flow anaerobic sludge blanket reactor (UASBgw) to evaluate the performance of full-scale an-
aerobic digestion for source-separated sanitation streams. This case study addressed Research
Objective 1 and is presented in Chapter 4.

3.1.2. Case 2 — Co-digestion of source-separated blackwater (BW) and food waste
(FW)

Source-separated BW was also evaluated in combination with food waste (FW) in a full-scale
UASB reactor in Sneek, the Netherlands. In this case, BW and FW were co-digested in a 41
m? UASB reactor (UASBgw-+rw) to assess the performance of a full-scale co-digestion system
treating source-separated organic waste streams. This case study addressed Research Objective
1 and is included in Chapter 4 as a comparative full-scale system.

3.1.3. Case 3 — Fruit juice processing wastewater (FJIPWW) treatment in a full-scale
two-stage anaerobic digestion system

Fruit juice processing wastewater (FJPWW) was obtained from a fruit juice industry in
Bronzolo, northern Italy. This wastewater originated from fruit processing activities and was
treated in a full-scale two-stage anaerobic digestion system at the Bronzolo wastewater treat-
ment plant. The system consisted of a homogenization/acidification tank of 3,500 m* followed
by two expanded granular sludge bed reactors of 750 m? each. This case study evaluated the
long-term performance of full-scale two-stage anaerobic digestion of FJPWW and addressed
Research Objective 1. The results are presented in Chapter 5.

3.1.4. Case 4 — Co-digestion of fruit juice processing wastewater (FJPWW) and pri-
mary sludge (PS) in a pilot-scale two-stage anaerobic digestion system

FIPWW from Bronzolo was also investigated together with primary sludge (PS) obtained from
the primary settler at the municipal wastewater treatment plant in Bronzolo. This case study
evaluated the effect of adding PS to FJPWW on the overall anaerobic digestion process. The
work included batch acidogenic fermentation and biochemical methane potential tests, and was
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further supported by operation of a pilot-scale two-stage anaerobic digestion system. This case
study addressed Research Objective 2 and is presented in Chapter 6 and Appendix D.

3.2. Analytical methods
3.2.1. Data analysis

Long-term operational data from the studies on anaerobic digestion of source-separated BW
(Chapter 4) and two-stage anaerobic digestion of fruit juice processing wastewater (Chapter 5)
were analysed to evaluate the performance of each system separately. This data analysis was
used for process performance evaluation and corresponded to Research Objective 1 outlined in
Chapter 1. Process performance was assessed based on pseudo-steady-state periods, which
were defined as stable operating intervals lasting at least 14 consecutive days. For each selected
period, the mean and standard deviation were calculated from the operational dataset (Chapters
4 and 5).

3.2.2. Biochemical methane potential (BMP)

BMP tests were conducted to evaluate the methane potential and biodegradability of mixtures
of primary sludge and fruit juice processing wastewater at different volume-to-volume ratios
(Chapter 6). The BMP results addressed Research Objective 2 outlined in Chapter 1.

3.2.3. Determination of volatile fatty acids (VFAs) using HPLC

VFA determination was conducted to quantify individual volatile fatty acid components, in-
cluding acetic, propionic, valeric, butyric, iso-valeric, and iso-butyric acids, in samples from
the BW and FJPWW anaerobic digestion systems described in Chapters 4 and 6. The resulting
VFA concentrations addressed Research Objective 1 outlined in Chapter 1.

3.2.4. Specific Methanogenic Activity Test (SMA)

SMA tests (Fig. E2 and E6) were conducted to evaluate the methanogenic activity of flocculent
sludge from a full-scale UASB reactor treating source-separated BW (Chapter 4) and granular
sludge from a full-scale EGSB reactor treating fruit juice processing wastewater (Chapter 5).
The SMA results contributed to Research Objective 1, which focused on evaluating full-scale
process performance, as outlined in Chapter 1.

3.2.4. Batch acidogenic fermentation and co-fermentation tests

To address the overarching aim of this thesis and Research Objective 2 outlined in Chapter 1,
which focused on evaluating the impact of adding primary sludge to fruit juice processing
wastewater on the overall anaerobic digestion process, acidogenic fermentation experiments
were performed at the Bronzolo WWTP using 1 L Duran® glass bottles. The experiments were
conducted for 100 hours using three substrate mixtures with different volume-to-volume ratios
of fruit juice processing wastewater and primary sludge (Chapter 6).

3.3. Limitations of the studies

Several limitations of this thesis are related to the use of full-scale systems, where operating
conditions, wastewater composition, sampling frequency, and data availability cannot be con-
trolled to the same extent as in laboratory-scale experiments. However, these full-scale systems
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provide valuable real-world insight into anaerobic digestion performance under practical oper-
ating conditions.

In the BW UASB system (Chapter 4), operation during the higher OLR phase was affected by
sludge washout and fluctuating effluent COD/TSS, which limits the interpretation of perfor-
mance based solely on biological conversion metrics. COD removal, therefore, cannot be used
as a direct indicator of microbial conversion, because increased solids losses elevated effluent
COD even when methane conversion remained high. In addition, the energy balance was con-
strained by limited data coverage (20 weeks), and the methane content during the SMA tests
was not directly measured but was assumed based on the methane content observed in the full-
scale system. Another limitation is that the sludge samples from the co-digestion system treat-
ing source-separated BW and food waste (FW) were not as fresh as those obtained from the
source-separated BW system, which may have influenced the comparability of the SMA re-
sults. Furthermore, the remaining soluble COD in the effluent warrants further investigation
regarding its composition and biodegradability. Microbial community analyses were also ab-
sent, which could have supported the interpretation of the hydrolysis step. Collectively, these
constraints reduce the extent to which the full-scale outcomes can be generalized across sites
and highlight the need for more detailed characterization of the residual effluent fraction.

For the full-scale two-stage FIPWW system (Chapter 5), the biomass quantity (VS) in the first
stage (hydrolysis/acidogenesis) was not monitored, which limits interpretation of the tempera-
ture-insensitive performance and prevents assessment of whether operational factors such as
F/M influenced acidification outcomes. Although the influent alkalinity range was described,
the underlying data were not presented (“‘data not shown™) and was not frequently measured,
underscoring the need for frequent alkalinity measurements given their importance for AD sta-
bility. Finally, while the second stage (acetogenesis/methanogenesis) achieved high COD and
VFA removal, the need for post-treatment and the low TSS removal indicate that the dataset
primarily demonstrates anaerobic conversion performance rather than complete treatment to
discharge standards. In addition, information on granular sludge settleability in the methano-
genic reactors and CFD analyses were not provided; these could have supported interpretation
of the low TSS removal and the observed sludge washout.

Regarding the co-fermentation/co-digestion experiments (Chapter 6), gas production during
the acidogenic phase was not measured, which prevents confirming whether the observed COD
variations were linked to H2/CO: production or to methanogenic activity. In addition, the BMP
tests used a low working volume (200 mL) due to instrument pressure constraints, which may
have influenced methane measurement accuracy. As a result, mechanistic resolution and pre-
cision are reduced, even though the comparative outcome across mixing ratios remains clear
within the experimental design.
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Chapter 4. Performance of a full-scale anaerobic
UASB digester treating blackwater from an urban
city district in Helsingborg, Sweden

4.1. Abstract

The growing global population has increased the demand for circular sanitation solutions that
enhance energy and nutrient recovery. Anaerobic digestion (AD) of blackwater (BW) offers a
promising solution, but its application in full-scale UASB reactors remains unexplored. This
study evaluated the performance of a full-scale UASB (50 m?®) treating BW collected from a
new city district (Oceanhamnen) located in Helsingborg, Sweden, over 130 weeks, applying
two different organic loading rates (OLRs), focusing on COD removal, biogas production, and
mass balances for COD, nitrogen, and phosphorus, and compared its performance with previ-
ous lab-scale studies. The full-scale UASB achieved its highest COD removal efficiency (88%)
and degree of methanization (0.77 kg COD-CH4 kg™' CODiy) during the low organic loading
rate (OLR) phase. In the higher OLR phase, COD removal dropped to 72% due to sludge wash-
out, although the degree of methanization remained high (0.71 kg COD-CH4 kg CODin).
Mass balance results showed 69% of influent COD was converted into methane, while 28%
remained in the effluent, likely due to sludge washout. The decanted effluent contained 92%
of N and 82% of P reflecting the low sludge production. Compared with lab-scale studies, the
full-scale UASB achieved comparable COD removal and biogas yields despite challenges like
sludge washout during the higher OLR. The results confirm that the full-scale application of
blackwater treatment is suitable for circular sanitation solutions. Further research is needed to
optimize solids retention and reduce effluent COD for sustainable full-scale operations, as well
as optimizing the energy balance calculations.

4.2. Introduction

The growing global population has increased the demand for circular sanitation solutions that
enhance energy, water, and nutrient recovery (Abdel-Shafy et al., 2009). Traditionally, domes-
tic wastewater is collected via gravity sewer pipelines and treated in centralized plants, which
presents technical and economic challenges for resource and energy recovery (Gao et al.,
2019a; Papa et al., 2017). Source separation treatment systems offer a promising alternative
(Gao et al., 2019b; Huang et al., 2023; Kujawa-Roeleveld et al., 2006). These systems separate
domestic wastewater into blackwater (BW) from toilets and greywater (GW) from showers,
laundry, and sinks, with optional food waste (FW) from kitchen disposers (Skambraks et al.,
2017). BW, rich in carbon sources and nutrients like nitrogen and phosphorus (Hernandez Leal
etal., 2007; Otterpohl et al., 1999), and GW, high in volume but low in nutrients (Oteng-Peprah
et al., 2018), can be treated separately for optimal resource recovery (Wang et al., 2023). Using
vacuum toilets, BW can be collected with a minimal amount of water (approximately one liter
per flush), making it suitable for anaerobic digestion (AD) and increasing biogas production
potential (Gao et al., 2019b; Kjerstadius et al., 2015; Otterpohl et al., 2004). Nutrients from
BW can be recovered through processes such as struvite precipitation (Xu et al., 2023) and
ammonia stripping (Kujawa-Roeleveld et al., 2006) for use as fertilizers (Desmidt et al., 2015;
Moges et al., 2020). Research on AD treatment of source-separated BW in small-scale digest-
ers, such as continuously stirred tank reactors (CSTRs) (Wendland et al., 2007), accumulation
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systems (Kujawa-Roeleveld et al., 2006), UASB-septic tanks (Kujawa-Roeleveld et al., 2006),
and up-flow anaerobic sludge blankets (UASB) (De Graaff et al., 2010), has shown promising
results. For instance, Wendland et al., (2007) achieved 61% CODyotal removal and 60% degree
of methanization (the amount of influent COD converted into methane during the AD process,
expressed as kg CH+-COD kg™' CODj, and represented as a percentage (%)) in a CSTR oper-
ating under mesophilic conditions for 413 days. Similarly, Kujawa-Roeleveld et al., (2006)
reported a 58% degree of methanization during the AD of BW and kitchen refuse in a small-
scale accumulation system operating at 20°C for 105 days. In another study by Kujawa-Roe-
leveld et al., (2005), a lab-scale UASB-septic tank treating BW at 15°C and 25°C was investi-
gated over 315 days and achieved CODyoal removals of 61% and 78%, with corresponding
degrees of methanization of 39% and 60%. De Graaff et al., (2010) successfully treated BW in
a lab-scale flocculant sludge UASB reactor at 25°C, achieving a 78% CODyotal removal and
54% degree of methanization over 951 days.

The feasibility of the AD of BW has thus been demonstrated in small-scale digesters with
promising CODyotal removal and biogas production, but full-scale studies are lacking. Further-
more, many lab-scale digesters were not tested over extended periods at mesophilic tempera-
tures or at higher organic loading rates (OLRs) (>1.0 kg CODyotal m— d"), limiting applicability
to full-scale systems. Further research on mass balances for CODxotal, nitrogen, and phosphorus
in full-scale digesters is needed to validate the suitability of AD of BW for producing an efflu-
ent suitable for nutrient recovery processes (Bisschops et al., 2019).

Given the limited research on the full-scale AD of BW, it is essential to evaluate whether full-
scale results align with findings from earlier lab-scale studies. This study assessed the perfor-
mance of the first full-scale engineering case of a novel UASB reactor for the treatment of
source-separated BW in an urban setting under a cold Nordic climate. The assessment focused
on key parameters such as influent characteristics, biogas production, total COD removal, and
the mass balances of COD, nitrogen (N), and phosphorus (P). These results were compared
with those of previous lab-scale studies. Furthermore, the study analyzed the performance dif-
ferences between mono-digestion of BW and co-digestion with food waste (FW) in full-scale
UASB reactors to identify potential differences to mono-digestion of BW.

4.3. Methods
4.3.1. Site description and plant operation

Source-separated BW was treated in a full-scale 50 m® UASB reactor (UASBgw) in Helsing-
borg, Sweden. The BW from vacuum toilets was collected from domestic and office buildings
in the new city district of Oceanhamnen, which has been in operation since 2020. The BW was
transported via vacuum pipes to a local pumping station, after which it was pumped through a
pressurized sewer to a local treatment plant (RecoLab), where the BW was treated (Fig. 4.1A).

In the treatment process, BW was led into a 10 m? collection tank without any pretreatment or
screening (Fig. 4.1B) and then pumped into a UASBgw with an active volume of 50 m* (Fig.
4.1A and 1B). The UASBgw was equipped with six sampling points distributed from the bot-
tom up to a height of 5 meters (Fig. 4.1A and 1B). The UASBgw separated the sludge at the
bottom and the decanted effluent water from the top. UASBgw was continuously operated at
35°C using the city district heating, over a total period of 130 weeks, divided into two phases
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with different OLRs ; Phase 1 (average OLR = 0.95 kg COD m™ d!) lasted 56 weeks, and
Phase 2 (average OLR = 1.5 kg COD m™ d!) lasted 74 weeks (Table A7, Supplementary In-
formation). The UASBgw feeding occurred in 12-minute cycles, with 2 minutes of feeding at
a flow rate of 3 m® h'!, followed by 10 minutes without feeding. This cycle was repeated for
18-20 consecutive hours per day. This intermittent feeding strategy was the same for the two
phases and was designed to optimize the utilization of BW over a 24-hour period, thereby
extending the effective feeding duration. Additionally, it is anticipated that the intermittent
feeding approach minimizes its impact on both the biomass and effluent quality, due to the
relatively low average feeding rate employed. The mixer inside the digester was run for 5
minutes every 120 minutes to break foam if needed.

The biomass in UASBgw consisted of flocculent sludge, seeded with 5 m? of sludge obtained
from a municipal wastewater treatment plant with a total solids concentration (TS) of 5%. In
order to control the solids retention time (SRT), excess sludge was removed from the bottom
of the reactor (800-1500 L per removal, occurring twice per week); the targeted SRT was 75
days in Phase 1 and 35 days in Phase 2. The sludge was discharged into a 2 m? sludge tank and
subsequently directed to the wastewater treatment plant of Oresundsverket in Helsingborg (Fig.
4.1B). The acclimatization of the sludge occurred throughout the entire operational period of
130 weeks.

Source-separated BW was co-digested with FW in a full-scale 41 m® UASB reactor
(UASBBw-rw) in Noorderhoek, Netherlands. The mixing ratios of BW and FW were not spec-
ified. Both waste streams were collected via a vacuum sewer system from 207 residential units,
including houses and apartments, equipped with vacuum toilets and kitchen grinders. The re-
actor contained flocculant sludge as the anaerobic biomass. Due to limitations in the heating
system, the reactor was operated at 22°C during winter and 35°C in summer, despite the in-
tended target temperature of 35°C. The UASBpw-+rw was in operation for 82 weeks (Table A7,
Supplementary Information) with an average OLR of 0.8 kg COD m=-d™".

Decentralized treatment plants, such as the one investigated in this study, typically receive low
flows (Table A7, Supplementary Information) compared to municipal wastewater treatment
plants, which often handle flows exceeding 1000 m*d".
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4.3.2. Sampling and analysis

Weekly flow-proportional 24-h influent samples and grab samples of UASBgw effluent were
collected for chemical analysis and analyzed using Hach Lange kits, measuring chemical oxy-
gen demand (COD) (LCK514), total and volatile suspended solids (TSS and VSS) (SS-EN
872:2005), total nitrogen (TN) (LCK 138, 238 and 338), ammonium (NH4"-N) (LCK302), total
phosphorus (TP) (LCK 348, 349 and 350), phosphate (PO4>-P) (LCK350), and alkalinity.
Spectrophotometric analysis was performed using a Hach Lange spectrophotometer (DR 2800)
on unfiltered samples for COD, TN, and TP and on both unfiltered and centrifuged samples for
PO43-P, NH4*-N, and soluble COD (sCOD). Monthly grab samples from the sludge were an-
alyzed for COD (ISO 15705:2002), TSS and VSS (SS-EN 12880:2000), TN (SS-EN ISO
20236:2021), NH4"-N (ISO 15923-1:2013 B), and TP (SS-EN ISO 15681-2:2018, SS-EN ISO
54321:2021).

Biogas volume was measured using a drum-type flow meter (Ritter TG20-5) positioned at the
top of the UASBgw at 20°C and an overpressure of 65 mbar. The methane (CH4) concentration
in the biogas (% vol./vol.) was determined using an online sensor (INCA4003).

Samples for volatile fatty acids (VFA) were centrifuged at 4000 rpm for 15 minutes and filtered
through 0.45 pm syringe filters (Sartorius Minisart RC 25). Specific VFAs were measured
using high-performance liquid chromatography (HPLC), as described by Ossiansson et al.,
(2023), with the following modifications: the operating temperature was maintained at 70°C,
the flow rate was adjusted to 0.5 mL min™', and an Aminex HPX-87H column was employed.

The settleable solids in sludge from different UASBsw heights were measured weekly using a
1-liter graduated cylinder and 30 min settling time, following the Standard Methods for the
Examination of Water and Wastewater (APHA, 1998).

4.3.3. Batch test for specific methanogenic activity (SMA)

Specific Methanogenic Activity (SMA) was employed to assess the potential of anaerobic
sludge for biogas (methane) production by quantifying the conversion rate of acetate to me-
thane, as demonstrated in previous studies, including Hussain & Dubey (2017). This conver-
sion rate 1s influenced by several factors such as temperature, microbial community composi-
tion, and physicochemical parameters (Donoso-Bravo et al., 2009; Kettunen & Rintala, 1997;
Souto et al., 2010).

The SMA for acetotrophic methanogens was quantified utilizing the same apparatus as Kjer-
stadius et al., (2016), employing the methodology described by Collins et al., (2003), modified
through the use of the anaerobic buffer solution described by Gonzalez-Gil et al., (2002) and
micro- and macronutrients addition in accordance with Shelton & Tiedje, (1984). The UASBgw
sludge samples were degassed for 48 h at 35°C and subsequently introduced into 120 mL glass
vials with a total liquid volume (i.e., sludge, anaerobic buffer solution, and 3 M acetic acid
substrate) of 60 mL and an initial concentration of 8 g VSS L. The vials were prepared in
triplicates, evaluating 10 different initial acetic acid concentrations (ranging from 5 to 50 mM)
and blanks. The vials were flushed with nitrogen gas (N2) and incubated at 180 rpm, as per
Conklin et al., (2008), at 35°C. The accumulated biogas production was measured at 8-hour

Page | 35



intervals for 3 days using a pressure transducer (Collins et al., 2003) to calculate the initial rates
of gas production and generate SMA curves. The methane content was not measured during
the SMA experiment but was assumed to be equivalent to the average from the full-scale meas-
urements.

4.3.4. The solids retention time
The solids retention time (SRT) in the UASB was calculated once a week using Equation (1):

X (Vreactor 1-5 X Cs 1—5)

SRT = (1
Qerr X Ceff + Vwasted X Cwasted

Where Vieactor 1-5 is the volume of the UASB reactor segment between 1-5m height (m?), Cs 15
is the corresponding solid concentrations within each UASB reactor segment (mg TSS L™).
Due to the uneven sludge distribution within the UASB reactor, the solids concentrations vary
across the five segments. Therefore, an average concentration (Cs 1.5) was calculated. Qefr is
the effluent flow rate from the UASB (m> d!), and Cer is the solid concentration in the de-
canted effluent (mg TSS L!). Additionally, Vwasted refers to the daily volume of wasted sludge
(m* d"), while Cwasted is the solids concentration in the wasted sludge (mg TSS L).

4.3.5. Mass balances

The mass balances for wet mass, CODyotal, N, and P were calculated weekly using flow meas-
urements and chemical analyses (Fig. 4.1B). The mean and standard deviation were computed
individually using data from the year 2023, i.e., weeks 79-130 from the start of the UASBaw
operation. Any weekly value that deviated by more than two standard deviations from the av-
erage was considered an outlier and was excluded from the mass balance calculations. The
mass balance was calculated using a Microsoft Excel spreadsheet, which is included in Sup-
plementary Material (Table A3).

4.4. Results and discussion
4.4.1. Influent characteristics

Table 4.1 summarizes influent BW characteristics in the full-scale UASBgw and compares
them with previous lab-scale studies and a full-scale UASB system co-digesting BW and
kitchen grinder FW (UASBgw-+rw). The measured data (influent and effluent characteristics)
in Table 4.1 regarding UASBgw were collected from the day UASBgw was started. The average
influent CODxotal concentration in UASBgw was 8.6 g COD L, aligning with previous lab-
scale study values ranging from 9.2 to 12.3 g COD L' (Table 4.1). The influent sCOD was
2.47 mg COD L' which was comparable to the sCOD measured in the previous lab-scale (De
Graaff et al., 2010; Kujawa-Roeleveld et al.,2005; Gao et al., 2019a) indicating that the BW
biodegradability (sCOD/CODxoal) is consistent. In this study, the VSS/TSS ratio was 0.94, in-
dicating a high proportion of organic matter and suggesting significant biodegradability and
high suitability for biogas production. This finding aligns closely with the VSS/TSS ratio of
0.95 reported by Gao et al., (2019a).

The alkalinity of the influent BW in this study (5.5 g HCOs~ L™') was comparable to the value
reported by De Graaff et al., (2010), indicating that BW provides sufficient alkalinity for AD.
The influent pH to the UASBgw remained stable at 8.7, consistent with previous lab-scale
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studies using vacuum BW (De Graaff et al., 2010; Kujawa-Roeleveld et al.,2005; Gao et al.,
2019a), suggesting that the high pH could potentially result in a high pH (around 8) in the
effluent suitable for struvite precipitation.

The concentrations of TN (1.4 g N L") and TP (0.12 g P L") measured in the BW from this
study were comparable to those reported in previous lab-scale studies (De Graaff et al., 2010;
Kujawa-Roeleveld et al., 2005) (Table 4.1). These findings indicate that BW is nutrient-rich
and has good potential for nutrient recovery (Wang et al., 2023). The influent BW FA concen-
tration was as high as 0.65 g N L', which could potentially cause instability in the AD BW
system. This high FA concentration may be attributed to the influent BW pH of 8.7. Similarly,
De Graaff et al., (2010) reported a high FA concentration of 0.48 g N L', which led to tempo-
rary inhibition.

The influent characteristics of BW in UASBgw, as shown in Table 4.1, are similar to those
reported in previous laboratory-scale studies. This similarity is noteworthy as it indicates that
BW characteristics from vacuum toilets remain relatively consistent, even when comparing
data from different countries.
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Table 4. 1.BW influent characteristics and effluent quality of UASB systems (average values and standard deviations).

Influent Effluent
Parameter Unit Full-scale Full-scale Lab-scale Lab-scale Lab-scale Lab-scale Full-scale UASBsw Full-scale UASBaw-rw Lab-scale Lab-scale Lab-scale Lab-scale
UASBsw UASBsw+rw UASB* UASB-septic tank” UASB® UASB! (this study) (this study) UASB* UASB-septic tank” UASB® UASB!
(this study) (this study)
UASB.d UASB,2 Phase Phase 3 Phase 1 Phase 2 22.5°C 35°C UASB.1 UASB;2 Phase 1V Phase 3
v (OLR<1.5) (OLR=1.5)
CODyoual [gCOD L] 8.59 (1.85) 9.16 (2.2) 9.8 (2.6) 9.5 (6.46) 12.3 (7.78) 11 (0.9) 9.49 (0.33) 1.05 (0.18) 2.24(1.2) 2.24 (0.95) 2.24 (0.95) 2.4 (0.84) 3.7 (0.46) 2.73 (0.49) 1.6 (0.37) 1.19 (0.08)
(n=92) (n=51)
sCOD [gCOD L] 2.47 (0.58) - 3.4 (0.47) 1.43 (0.48) 2.0(1.2) 3.48 (0.2) - - - - - 1.5 (0.39) 2.09 (0.45) 1.38 (0.19) 0.8 (0.14) -
(n=70)
CODyoua Te- [%] - - - - - - - 88 (2.2) 72.1 (15.4) 76.2 (10) 76.2 (10) 78 61 78 83.5(3.8) 89 (2)
moval
TSS [g TSSL'] 4.08 (0.8) - - - - 4.93 (0.73) - 0.18 (0.08) 0.7 (0.55) - - - 0.96 - 0.19 (0.26) -
(n=92)
VSS [g VSSL'] 3.82(0.7) - - - - 4.68 (0.73) - 0.18 (0.01) 0.65 (0.55) - - - 0.83 - 0.16 (0.23) -
(n=84)
N [gNL"] 1.43 (0.34) 1.28 (0.14) 1.9 (0.19) 1.0 (0.13) 1.44 (0.25) - - 1.7 (0.65) 1.5 (0.36) 1.36 (0.14) 1.36 (0.14) 1.8 (0.22) - 1.2 - -
(n=86) (n=35)
NH."-N [gNL"] 1.13 (0.31) - 1.4 (0.15) 0.71 (0.1) 1.04 (0.1) 1.14 (0.05) - 1.4 (0.4) 1.26 (0.27) 0.9 (0.06) 0.9 (0.06) 1.5 (0.19) - 1.07 1.22 (0.07) -
(n=84)
Free ammo-
nia (FA)* [gNL"] 0.65 (0.31) - 0.48 - - 0.15 (0.09) - 0.06 (0.02) 0.03 (0.02) 0.01 (0.0) 0.03 (0.02) 0.03 - - 0.11 (0.04) 0.12 (0.01)
0.12 (0.02) 0.11 (0.11) 0.22 (0.07) 0.11 (0.06) 0.11 (0.06) 0.11 (0.03) - 0.10 (0.01) 0.11 (0.02) 0.12 (0.01) 0.12 (0.01) 0.13 (0.01) 0.06 0.06 0.09 (0.035) -
TP [gPL"] (n=89) (n=33)
PO4>-P [gPL"] 0.052 (0.01) - 0.08 (0.01) 0.03 (0.02) 0.03 (0.02) 0.03 (0.01) - 0.09 (0.01) 0.09 (0.01) - - 0.09 (0.01) 0.05 0.05 0.03 (0.01) -
(n=93)
pH [-] 8.7(0.2) 7.82(0.25) 8.8(0.22) 8.8 (0.23) 8.8(0.23) 8.05(0.24) 8.7 (0.1) 7.5(0.1) 7.5(0.1) 7.5(0.15) 7.5(0.15) 7.6 (0.13) - - 7.87(0.19) 7.9 (0.2)
(n=93) (n=17)
VFA [gCOD L] - 1.42 (0.22) 1.5 (0.48) 0.5(0.37) 0.5(0.37) ~1.5 - - - 0.82 (0.3) 0.82 (0.3) 0.36 (0.3) 1.0 - 0.07 (0.03) 0.04 (0.0)
(n=33)
Alkalinity [g HCO'5 L] 5.5(0.24) - 6.09 (1.88) - - - - - - - - - - - - -
(n=57)

a: De Graaff et al., (2010), b: Kujawa-Roeleveld et al., (2005), c: Gao et al., (2019a), d: Gao et al., (2019c), *: Calculated value.
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4.4.2. Operational Phases and Organic Loading Rate Dynamics

Fig. 4.2 illustrates the variations in the OLR and inflow to UASBgw over the operational period.
The UASBgw was operated continuously for 130 weeks, which were divided into two distinct
phases based on the applied OLR (Fig. 4.2). The OLR in this study was not controlled as all
the BW from the housing districts must be treated. In Phase 1 (weeks 0—46), increased BW
inflow from the housing district gradually raised the OLR from 0.5 to 1.5 kg COD m™ d,
averaging 0.95 kg COD m™ d! In Phase 2 (weeks 47-130), the OLR increased to 1.7 kg COD
m~ d! (average sludge loading rate of 0.25 kg COD kgVSS™ d!) by week 57, after which
feeding was suspended for 5 weeks to remove floating sludge from the top of UASBgw. The
OLR then averaged 1.5 kg COD m™ d™' until week 100, with variability between 0.7 - 2.5 kg
COD m™ d™". The average influent CODxota concentration remained constant at 8.6 g COD L™
throughout both phases.

It is important to note that although the OLR in Phase 2 (OLR = 1.5 kg COD m™> d') was
higher than in some of the systems studied previously (Table 4.1), even higher OLRs, such as
15.7 kg COD m d!, have been reported in the literature for blackwater treatment (Zhang et
al., 2022). This suggests that there may be potential for even higher OLRs in full-scale systems.
However, during Phase 2 of the present study, increased issues with sludge washout were ob-
served, which must be addressed before higher OLRs can be applied in full-scale systems.
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Fig. 4.2 Variations in the influent flow rates and the organic loading rates (OLR) of UASBgw during the two
phases of operation (Phase 1 = OLR lower than 0.95 kg COD m>d"! and Phase 2 = OLR around 1.5 kg COD m
3 d»l).

4.4.3. CODxota1 and TSS removal
During phase 1 (OLR <1.5 kg COD m™ d') UASBgw achieved the highest CODyotal removal

efficiency (88%) during operation, comparable to Gao et al., (2019¢) (HRT = 12 days, OLR =
0.8 kg COD m™ d™') under comparable OLR, and exceeding some earlier studies with 61% to
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89% COD removal (De Graaff et al., 2010; Gao et al., 2019a; Kujawa-Roeleveld et al., 2005)
(Table 4.1). During Phase 1, the effluent CODtotal and TSS concentrations were stable and low
(1.05 g COD L' and 0.18 g TSS L) (Table 4.1), with settleable solids at 4 = 5 mL L' (Fig.
4.3), indicating effective COD removal and conversion into biogas.

Transitioning into Phase 2 (OLR = 1.5 kg COD m™ d"), effluent concentrations of CODxotal
(1-7.6 g COD L") and TSS (0.18-7.7 g TSS L) fluctuated, with CODycai removal efficiency
dropping from 88% to 72% (Table 4.1), likely due to sludge washout. These variations aligned
with inflow and OLR changes (Fig. 4.2). Similarly, Gao et al., (2019a) (OLR = 1.6 kg COD
m~ d') reported increased effluent COD,oi concentrations (1.2 to 1.6 g COD L), TSS (0.14
to 0.2 g TSS L"), and reduced efficiency from 87% to 83.5% as OLR rose from 0.8 to 1.6 kg
COD m™2d ™ (Table 4.1). Despite the drop in the CODyotal removal efficiency, the 72% CODiotal
removal efficiency remained within the reported range of 61% to 89% (Table 4.1). Sludge
washout patterns were also noted by De Graaff et al. (2010) at 1.0 kg COD m™ d' during the
first weeks of operation, while Kujawa-Roeleveld et al. (2005) observed no washout at lower
OLRs (0.3-0.4 kg COD m3 d™"). Wu et al., (2020) observed sludge washout in granular sludge
treating low-strength starch wastewater (OLR =4 kg COD m™ d'), attributing it to a signifi-
cant increase in the protein-to-polysaccharide ratio within the tightly-bound extracellular pol-
ymeric substances (EPS) of the granular sludge; however, it should be noted that the sludge
used in the present study was flocculant, not granular. The effluent from the UASBgw, partic-
ularly in Phase 2, requires post-treatment to remove the remaining COD and TSS.

During Phase 2, the variations in effluent CODxotal, TSS, and settleable solids suggest the need
to consider factors such as pH and upflow velocity. With pH (7.5) and upflow velocity (0.29
m h™') within recommended ranges (Grady et al., 2011; Mariraj Mohan & Swathi, 2022), their
impact on effluent quality was minimal. The structure of EPS and Long-term microbial changes
may explain these issues, which were absent in the current study and in short-term lab studies
. The observed variations and reduced CODyoa1 removal efficiency underscore the challenges
in operating full-scale UASB reactors at higher OLRs, warranting further research to enhance
effluent quality.

Overall, sludge washout during the higher OLR phase (Phase 2) increased the effluent CODxotal
and TSS concentrations, settleable solids at Sm, and reduced the CODyotal removal efficiency,
although the latter remained comparable to the previous lab-scale results (Table 4.1).
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Fig. 4.3.Variations in settleable solids at 5 m height, and in effluent concentrations of CODyota and TSS of
UASBgw (Phase 1 = OLR lower than 0.95 kgCOD m~d-! and Phase 2 = OLR around 1.5 kgCOD m=3d-!).

4.4.4. Biogas Production

Table 4.2 summarizes biogas production from UASBgw, UASBgw-rw, and previous lab-scale
UASB systems.

Table 4.2. Performance of UASB systems in BW: biogas yield, degree of methanization, and methane produc-
tion rate with organic loading rates (average values with standard deviations).

| Parameter Unit Full-scale UASBgw Full-scale Lab- Lab-scale Lab- Lab-
(this study) UASBsBw+rw scale UASB-septic tankP scale scale
(this study) UASB? UASB¢ UASB!
Phase 1 Phase 2 22.5°C 35°C UASBst1 UASBs2 PhaselV  Phasel
(OLR<1.5) (OLR=1.5)
Methane [Nm? CH4 0.27 0.24 0.21 0.24 0.19 0.14 0.21 0.14 -
yield kg CODix™']
Degree of [kg COD- 0.77 0.71 0.60 0.68 0.54 0.39 0.60 ~0.4* 0.44
Methaniza- CH4
tion kg CODyy]
Daily me- [m3? CH4 0.25(0.02)  0.39(0.08) 0.18 0.2 0.21* 0.02%* 0.04* 0.14- 0.68
thane pro- M3 reactor d71] (0.07) (0.03) 0.36*
duction rate
OLR [kg COD 0.95(0.2) 1.5(0.45) 0.79(0.2) 0.79 1.0 0.3-04 0.3-04 1.64 4.10
m~ d'] (0.2)

“a: De Graaff et al., (2010), b: Kujawa-Roeleveld et al., (2005), c: Gao et al., (2019a), d: Gao et al., (2021), *: Calculated value, +:estimated.

The methane production rate increased from 0.25 m* CHs4 m3reactor d* in Phase 1 (OLR < 1.5
kg COD m™ d™) to 0.39 m* CHas m>reactor ! in Phase 2 (OLR = 1.5 kg COD m™ d'), driven
by higher biodegradable organic matter availability at higher OLR (Goémez et al., 2011). The
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methane production rate in Phase 2 was 8% to 95% higher than the UASBgw-rw system and
previous lab-scale studies (De Graaff et al., 2010; Kujawa-Roeleveld et al., 2005) (Table 4.2).
Despite a slightly higher OLR (1.6 kg COD m™ d™') in Gao et al., (2019a), the longer opera-
tional period in the present study (130 vs. ~7 weeks) could have contributed to the higher me-
thane production rate (Table 4.2) by allowing microbial adaptation. However, the methane pro-
duction rate was 37% to 57% lower than that reported by Gao et al., (2021) possibly due to the
higher OLR in their study (4.1 kg COD m™ d'), indicating that higher OLRs could result in
higher methane production rate due to greater availability of easily biodegradable organic mat-
ter (Gao et al., 2021; Gémez et al., 2011; Huang et al., 2021).

The results for methane production per COD removed and for the degree of methanization
provide additional insights into the efficiency of biodegradable matter conversion into methane
under varying OLRs. In this study, the methane production per CODremoved for both phases was
comparable: 0.304 Nm* CHa kg™' CODremoved in phase 1 and 0.307 Nm? CHa4 kg™ CODremoved
in phase 2. These values were approximately 86% of the standard methane production of 0.35
Nm*CHa kg™! CODyemoved under standard temperature and pressure (STP) conditions (20°C and
1 atm) indicating high conversion of COD into methane. The degree of methanization de-
creased from 0.77 to 0.71 kg CHs-COD kg CODj, as the OLR increased from <1.5 to 1.5 kg
COD m™ d' (Fig. 4.4, Table 4.2) may be due to sludge washout caused by higher methane
production rates entraining biomass with gas bubbles, subsequently reducing the SRT from an
average value of 75 to 56 days (Table A7, Supplementary Information), a trend also noted by
Gao et al. (2019b). Despite this reduction in the degree of methanization at high OLR, the
degree of methanization in this study was 4% to 49% higher than the 0.39 to 0.68 kg CH+-COD
kg™ CODi, observed in UASBgw+rw and previous lab-scale studies (Table 4.2), showing that
operating the full-scale UASB at an average SRT of 56 days still achieved high biogas yields
compared to longer SRTs (>75 days) in earlier lab-scale research.

Furthermore, the extended operational period (130 weeks) likely allowed sufficient microbial
adaptation, possibly contributing to high degrees of methanization, demonstrating that a full-
scale UASB digester can achieve high biogas production. The high degree of methanization in
both phases was comparable to the previous batch biomethane potential (BMP) tests (0.71 kg
CH4-COD kg! CODin) (Kjerstadius et al., 2015), which was consistent with the range of 0.34
to 0.85 kg CH4+-COD kg 'COD;, reported in previous studies (Gao et al., 2019a, Gao et al.,
2020; Zhang et al., 2019), suggesting effective methanogenesis capacity.

Overall, a higher OLR resulted in a higher methane production rate. The methanization of BW
in both phases was higher than previous lab-scale results indicating high methanogenic activity.
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Fig. 4.4. Accumulated biogas yield versus accumulated influent COD load in the UASBgw.

4.4.5. Mass Balances

Fig. 4.5 summarizes the mass balances of wet mass, COD, N, and P. For the wet mass, only

2% of the sludge was removed, reflecting the very small amount of removal needed to control
the SRT.
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(Methane)

COD: 69%

Wet mass: 100%
Wet mass: 98%
@ COD: 28%

2 Nitrogen: 98%

COD: 100%
Nitrogen: 100%

Phosphorus: 100% Phosphorus: 82%

Wet mass: 2%
COD: 3%
Nitrogen: 2%
Phosphorus: 18%

Parame- Unit Inflow Biogas Sludge Decantated effluent Sum % out-
ter out- flow/in-
flows flow
n aver- stdev. n  aver- stdev n aver- stdev n average stdev
age age age
Wet mass kg 50 63,334 8,394 - - - 26 1,023 153 - 62,311 8,41 63,334 100
Week
']
CODxotal kg 47 533 97 4 406 95 10 20 8 36 166 80 592 109
Week 0
]
Nitrogen kg 90  82.6 12 - - - 10 1.7 0.60 32 87 20 88.7 108
Week
']
Phospho- kg 47 7.85 .61 - - - 10 1.47 0.48 33 6.8 1.23 8.27 108
rus Week

]

Fig. 4.5.Mass balances for wet mass, CODior1, Total Nitrogen (N), and Total Phosphorus (P). The mass balances
are expressed as percentages relative to the influent mass.

The COD mass balance showed an equilibrium between inflows and outflows (Fig. 4.5 and
Table 4.3), with 69% of the influent CODxotal converted into methane, surpassing the 43% to
59% range reported in previous studies (Fig. 4.5 and Table 4.3). This high efficiency is perhaps
due to the 35°C operating temperature, compared to the 25°C used by De Graaff et al., (2010).
Additionally, this study's lower OLR of 1.5 kg COD m™ d™!, compared to the higher OLRs of
0.3 to 10 kg COD m= d! used by Gao et al., (2019a, 2020), likely contributed to the increased
degree of methanization. Low sludge production also influenced the CODyotal retained in the
sludge, which was 3%, far lower than the 15% to 43% observed in other studies. This discrep-
ancy was also highlighted by the higher suspended solids in the effluent, accounting for 30%
of the effluent CODyotal in the present study, compared to 13% to 17% reported by Gao et al.
(2019a, 2020) and 29% by de Graaff et al. (2010).
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Table 4.3. CODyw1 mass balance in anaerobic digestion of BW: average values expressed as percentages relative

to influent CODotar.
Study Average Out- CODyota1 inthe ~ CODyorat converted ~ CODjorar in the re-
flows/Inflows effluent into methane moved sludge

[%] [%] [%] [%]

Full-scale UASBgw 100 28 69 3

(this study)

De Graaff et al., (2010) 96 27 54 15

Gao et al., (2019a) 92-114 13 43 43
Gao et al., (2020) 101-105 16.4-17.6 59-62 26-29

Regarding the N and P mass balances, the results showed that 98% of N was present as free
ammonium nitrogen and 82% of P was present as soluble phosphate (Fig. 4.5), primarily in the
liquid effluent, presenting opportunities for recovery via processes such as ammonia stripping
or struvite precipitation. The removed sludge only contained 2% of N and 18% of P, which
was lower than previously reported values (e.g., 33% to 46% P and 0% to 8% N by Kujawa-
Roeleveld & Weijawa, 2012); this is likely an effect of the sludge washout via the decanted
effluent, which had suspended solids concentrations between 500 and 2500 mg SS L', and
caused the need for low sludge removal to maintain the SRT. The remaining P in the effluent
could be recovered as struvite in future processes (Ueno et al., 2001). However, high suspended
solids would have to be combined with filtration systems, as demonstrated by Kaykhaii et al.,
(2025).

In addition, the BW vacuum flush volume per connected person equivalent (PE) was calculated
using the default values for COD, P and N found in Jonsson et al., (2005) (Table A2, Supple-
mentary Information). The resulting BW flush volume ranged from 8 to 11 L PE* day ', which
is higher than the 6 L PE! day ' assumed in previous studies (Kjerstadius et al., 2017). These
differences in flush volumes should be considered in future studies of BW vacuum systems.

For a better understanding of the performance of UASBgw, an energy calculation was con-
ducted for UASBBw using limited data covering 20 weeks (details provided in Table A6 in the
Supplementary Information). This analysis was constrained by the absence of insulation on the
UASBBgw system and the lack of data for the whole operational period (130 weeks). The results,
as presented in the supplementary information, indicate a positive and beneficial primary en-
ergy calculation. However, future research should focus on conducting optimized energy bal-
ance calculations over extended periods. Overall, the mass balances for wet mass, COD, N,
and P indicated the effective functioning of the system in terms of biogas production, CODxotal
removal, and nutrients in the effluent. However, the contrasting values compared to other stud-
ies on similar systems call for more research to confirm the present findings as being repre-
sentative of full-scale blackwater systems.

4.4.6. SMA and trend of VFA through the UASB

The SMA (Table 4.4) and VFA trends throughout the digester (Fig. 4.6) provide additional
insights into UASBgw efficiency at higher OLR during Phase 2.
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The SMA from BW mono-digestion in UASBgw (185.6 NmL CH4 g VSS™' d') doubled that
of UASBgw+rw and surpassed previous laboratory results, despite not all studies focusing on
BW (Table 4.4). This elevated SMA indicates that the reactor’s biomass in Phase 2 showed
high activity, especially among acetogenotrophic methanogens.

Table 4.4. Average values of SMA of sludge from BW UASB systems.

Study Average Temperature Average Specific methanogenic
activity for acetotrophs (SMAac)

[°C] [NmL CH4 g VSS1d']
Full-scale UASBgw 35 185.6
(this study)
Full-scale UASBpw-rw 35 79.9
(this study)
Gao et al., (2019a) 35 30-80.5
Zhang et al., (2022) 35 105
Gao et al., (2020) 35 70

The distribution of sCOD and VFA along the UASBgw height offers insights into the meth-
anogenic population's efficiency. Samples from two sampling campaigns on the same day
(week 141) at an OLR of 1.5 kg COD m™ d! are shown in Fig. 4.6. The sCOD concentration
decreased from 2400 mg sCOD L™ in the influent to 625 mg sCOD L™ in the effluent, indicat-
ing a decreasing trend throughout the digester. VFA, expressed as COD-equivalent, was only
detected in the influent. This indicates two key observations: (i) a high level of methanogenic
activity throughout the reactor, maintaining low VFA concentrations, and (ii) the presence of
residual sCOD in the effluent despite the relatively low OLR and an HRT of 5.6 days, suggest-
ing incomplete degradation of soluble organics. Compared with the lab-scale UASB operated
by De Graaff et al. (2010) at 25 °C, which reported effluent sCOD concentrations of 0.9—1500
mg COD L™ and VFA concentrations of 140-360 mg COD L, the full-scale UASB treating
source-separated BW showed a lower sCOD concentration of 625 mg COD L™ and undetect-
able VFA concentrations, suggesting more complete VFA conversion at 35 °C and enhanced
methanogenic activity. However, the persistent sCOD in this study suggests the need to inves-
tigate its composition and biodegradability. Similarly, Gao et al., (2019a, 2019c¢) reported low
effluent VFA levels (70 and 40 mg COD L) and comparable sCOD (800 mg COD L) in lab-
scale reactors at 35°C (Table 4.1).
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Fig. 4.6. Soluble COD (sCOD) concentrations, total suspended solids (TSS) concentrations (average values and
standard deviation), and the sCOD equivalent of volatile fatty acid (VFA) concentrations measured along the
height of the UASBgw reactor.

4.4.7. Co-digestion of blackwater and food waste

A study on a full-scale (41 m?) UASB system co-digesting BW and FW (UASBgw-rw) in Sneek
(Netherlands) showed that intermittent operation at varying temperatures (22.5°C in winter and
35°C in summer) resulted in occasionally lower yet comparable CODota1 removal efficiency
compared to BW mono-digestion (Table 4.1). Increasing the temperature to 35°C improved the
degree of methanization from 0.60 to 0.68 kg CH+-COD kg' CODi, (Table 4.2), aligning with
findings from Seneesrisakul et al., (2018) and Luostarinen et al., (2007). Despite this improve-
ment, methanization in UASBgw+rw was still 11% to 24% lower than the maximum achieved
in BW mono-digestion (0.77 kg CHs-COD kg CODiy), highlighting the reduced efficiency of
co-digestion under these conditions.

The SMA at 35°C for UASBgw-+rw (80 NmL CHa gVSS™ d') was 57% lower than for
UASBBgw alone (186 NmL CH4 g VSS™' d!), indicating that co-digesting BW with FW did not
enhance acetogenotrophic activity, unlike findings by Kamravamanesh & Kokko. (2024) who
found it increased methane production.

The degree of methanization and SMA may have been impacted by biomass washout or mi-
crobial imbalances caused by unregulated BW to FW mixing ratios, with optimal ratios re-
ported as 1:1 or 1:2 (Wang et al., 2024; Wen et al., 2024). Furthermore, the freshness of the
sludge sample used in the SMA analysis might have also influenced the results. Although co-
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digestion can enhance performance by providing diverse substrates, it may also induce micro-
bial competition and reduce methanogenic efficiency. Despite its potential benefits, such im-
provements were not evident in this full-scale system.

4.5. Conclusions

The performance of a full-scale UASB reactor treating blackwater was evaluated over 130
weeks in terms of CODyotal removal, biogas production, and mass balances for COD, phospho-
rus, and nitrogen to assess whether its performance aligned with previously reported lab-scale
studies.

The results showed that the full-scale UASB reactor treating blackwater demonstrated compa-
rable performance in terms of COD removal, biogas production, and influent characteristics to
those observed in previous lab-scale experiments, confirming that anaerobic digestion of black-
water is a viable treatment solution for blackwater.

The full-scale UASB exhibited the highest CODxotal removal efficiency (88%) and the highest
degree of methanization (0.77 kg COD-CHa4 kg' CODin) during the lower OLR phase, with
CODyotal removal comparable to previous lab-scale studies and methanization exceeding previ-
ously reported results, indicating stable performance. In the higher OLR phase, CODyotal re-
moval dropped to 72% due to sludge washout, but the degree of methanization remained high.

The mass balance results showed that 69% of the influent CODyoa1 Was converted to methane.
However, a large degree of the influent CODyotal was also found in the effluent (28%), likely
due to sludge washout, warranting further studies to optimize blackwater anaerobic digestion
in full-scale applications. The decanted effluent contained 92% N and 82% P in mineralized
forms (ammonium and phosphate), which is attributed to low sludge production (2% of wet
mass), which is suitable for nutrient recovery.

Although the full-scale UASB treatment of blackwater showed promising results, further re-
search is needed to optimize the full-scale system, particularly in terms of reducing sludge
washout. This could include strategies such as sludge removal from different heights of the
reactor, as well as investigations into the dynamics of the microbial communities. Furthermore,
an energy balance should be performed to quantify the energy generated from blackwater treat-
ment and the energy required to maintain the reactor at its operating temperature, which is
particularly important to optimize given that the digester was not insulated.
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Performance Evaluation of a Full-Scale Two-
Stage Anaerobic Digestion System Treating
Fruit Juice Processing Wastewater
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Abuzir, S.; Simion, G.; Domini, M.; Bertanza, G. Performance Evaluation of a Full-Scale Two-
Stage Anaerobic Digestion System Treating Fruit Juice Processing Wastewater.
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Chapter 5. Performance Evaluation of a Full-Scale
Two-Stage Anaerobic Digestion System Treating Fruit
Juice Processing Wastewater

5.1. Abstract

Fruit juice processing wastewater (FIPWW) is rich in highly biodegradable organic matter but
often exhibits low buffering capacity and nutrient imbalance, which can compromise anaerobic
digestion stability. Two-stage anaerobic digestion can decouple hydrolysis/acidogenesis from
acetogenesis/methanogenesis to improve robustness when treating readily fermentable
wastewater. This study evaluated the long-term performance of a full-scale two-stage anaerobic
digestion system treating FJPWW in terms of degree of acidification (DoA), COD removal, VFA
and methane production, proposed practical recommendations for plant operation and future re-
search needs, based on full-scale observations. The system comprised a homogenization tank
(3500 m?) for hydrolysis/acidogenesis (16-26°C; HRT 29.1-33.3 hours; OLR 3.06-3.35 kg COD
m d™), followed by two parallel EGSB (R2S) reactors (750 m? each; HRT 17 h; OLR 4.77 kg
COD m™d; 29.4°C). Performance was assessed under pseudo—steady state periods. The homog-
enization tank achieved 32-38% CODioai removal with DoA of 21-25% and effluent VFA of 898—
1093 mg HAc L. The R2S reactors reduced CODiotal from 2902 to 349 mg COD L™ (88.1% COD
removal) and decreased VFA from 1082 to 69.2 mg HAc L' (VFA/Alk 0.07). Methane yield was
0.277 Nm*CHa4 kg"'CODremoved with average production of 1763 (846) Nm* CH4 d™! (CH4 con-
tent 80%); methane production increased from 566 to 4560 Nm?* d ! as OLR increased from 1.52
to 9.53 kg COD m™ d'. Overall, the results supported full-scale two-stage digestion for stable
FIPWW treatment and identified operational control strategies to maintain performance under var-
iable loading such as measuring the settleability of granular biomass in the R2S reactors.

5.2. Introduction

Population growth has increased demand for fruit juice production, which in turn has generated
larger quantities of fruit juice processing wastewater (FIPWW) and intensified public pressure on
water management within the food and beverage industry (Alkaya & Demirer, 2015). This sector
consumes substantial volumes of fresh water for operations such as cleaning, fermenting, washing,
evaporating, and sterilizing, and much of this water is subsequently discharged as effluent. As a
result, the effluent may contain high concentrations of cleaning agents, organics, suspended solids
(TSS), and elevated chemical oxygen demand (COD), and it can exhibit substantial pH variations
(Ait Hsine et al., 2005; Amuda & Amoo, 2007; Isla et al., 2013; Oktay et al., 2007).

FIPWW, an agro-industrial effluent produced during fruit washing, pressing, and juice manufac-
turing, typically contains a high organic load (375-124,800 mg COD L) and is associated with
low pH and low alkalinity, alongside a high carbon-to-nitrogen (C:N) ratio that leads to nutrient
imbalances (Dold & Ekama, 1981; Ozbas et al., 2006; Tyagi et al., 2019). These characteristics,
together with pronounced variability in flow volume, add further complexity to its treatment (Aus-
terman-Haun & Rosenwinkel, 1997; Chen et al., 2019; Dold & Ekama, 1981; Ozbas et al., 2006;
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Valta et al., 2015; Zerrouki et al., 2021). Nevertheless, because FJPWW is rich in organics, it
remains a suitable substrate for the production of a clean and environmentally friendly energy

source such as biogas through biological processes such as anaerobic digestion (AD) (Mateescu et
al., 2008; Zerrouki et al., 2021).

AD proceeds through multiple stages in which distinct microbial consortia transform organic mat-
ter into biogas, primarily methane (CHa4) and carbon dioxide (CO:) (Appels et al., 2008; Joshi &
Visvanathan, 2019; Zheng & Li, 2024). This conversion is commonly described in four steps:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. During these stages, complex poly-
mers are first depolymerized to monomers, which are subsequently converted into volatile fatty
acids and alcohols; these intermediates are then transformed into acetate, hydrogen, and CO-, and
finally into methane (Khan et al., 2021; Wang et al., 2018).

The performance and robustness of AD are governed by key operating conditions, such as temper-
ature, pH, and the carbon to nitrogen (C:N) ratio (Odedina et al., 2017; Zheng & Li, 2024). Under
conventional mesophilic AD operation, the overall microbial consortium is generally favored at
temperatures of 20—45°C and around neutral pH (7.0) (Cremonez et al., 2021). However, these
conditions refer to the consortium as a whole, since the preferred environmental conditions vary
across the different stages of AD. For stable AD operation, an ideal C:N ratio is typically 20-30:1
(Laiq et al., 2019; Odedina et al., 2017).

AD can be operated as a single-stage, two-stage, or multi-stage system. Single-stage AD carries
out all microbial conversions in one reactor, while two-stage AD separates the phases to better
match conditions to each microbial group and improves efficiency (Holl et al., 2022; Simeonov et
al., 2025; Srisowmeya et al., 2020). In two-stage AD, the first reactor favors hydrolytic and acido-
genic bacteria (pH 5-6, short hydraulic retention times), producing volatile fatty acids (VFAs) as
well as CO2 and H: (Fuentes et al., 2021). The second reactor supports methanogens (pH 6-8,
longer retention times), converting acetic acid into methane (Fuentes et al., 2021; Simeonov et al.,
2025; Srisowmeya et al., 2020). This configuration is well-suited for high-sugar wastewaters such
as FJPWW, which can destabilize single-stage systems (Feng et al., 2020). Methane contents of
70—-81% and acidification degrees of 54—89% have been reported, indicating effective performance
of two-stage AD systems (Bergland et al., 2010; Carvalheira et al., 2018; Mateus et al., 2020).

Relative to single-stage operation, two-stage AD offers higher stability, greater tolerance to or-
ganic loads, and enables recovery of valuable byproducts (Fuentes et al., 2021). Phase separation
improves pH control, supporting higher biogas yields and enhanced substrate degradation (Fuentes
et al., 2021; Perera et al., 2012). For example, two-stage systems can achieve COD removal effi-
ciencies 35% higher than single-stage systems in food waste digestion (Parra-Orobio et al., 2021).

AD of highly biodegradable substrates similar to FJPWW has been studied at different bioreactor
scales and has shown stable and effective performance in terms of COD removal and methane
production. For instance, Austermann-Haun et al. (1997) reported a COD removal of more than
80% when treating wastewater effluent from a fruit juice industry using a full-scale UASB reactor.
El-Kamah et al. (2010) treated wastewater generated from the fruit juice industry in lab-scale two-
stage up-flow anaerobic sponge reactors (UASRs) and achieved a COD removal of 70-91%. Cuff
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et al. (2018) treated wastewater generated from a soft drink industry in an expanded granular
sludge bed (EGSB) and achieved COD removal of more than 85% and a daily methane production
of up to 1950 Nm? CHs d''. Chun-Te Lin et al. (2020) treated wastewater in a whiskey distillery in
EGSB and external circulation sludge bed (ECSB) reactors and achieved COD removals of 94.8-
95.7%.

Although prior studies have reported stable performance in terms of COD removal and methane
production, research on the performance evaluation of full-scale R2S reactors treating highly bio-
degradable wastewater remains limited. In addition, in-depth evaluation of overall two-stage AD
processes treating highly biodegradable wastewater, including measurements of the microbial ac-
tivity of granular biomass for methane production, is scarce. Practical guidance on plant operation
and monitoring for two-stage AD plants is also limited. Therefore, the aim of this study is to update
the literature by evaluating the performance of a full-scale two-stage AD process treating highly
biodegradable wastewater, provide insight into the methane-producing activity of granular bio-
mass, and propose plant operation and monitoring recommendations for two-stage AD plants,
while identifying future research needs to further optimize such systems.

5.3. Methods and Materials
5.3.1. Substrate

Fruit juice processing wastewater (FJPWW) was obtained from a nearby fruit juice industry in
Bronzolo, Northern Italy, and treated in a two-stage AD system at the Bronzolo municipal
wastewater treatment plant (MWWTP). The physio-chemical characteristics are provided in Table
4.1 in the results and discussion section.

Dewatering sludge liquors, obtained from the dewatering of digestate from an anaerobic digester
at the MWWTP of Bronzolo receiving municipal and industrial wastewater, were used for nutrient
supplementation as soluble ammonium and phosphate (NH4"-N and PO43-P, respectively), and for
alkalinity supplementation. The anaerobic digester treated primary sludge, secondary sludge,
waste activated sludge, fats, FIPWW, and the effluents from two high-rate EGSB (R2S) reactors
treating FIPWW. The average concentrations of NH4"-N and PO4>-P were 1080 mg N L' and
72.8 mg P L', respectively

5.3.2. Site description and plant operation

FJIPWW was treated in a two-stage AD system (Fig 5.1A and B). The wastewater first entered a
homogenization tank (3500 m®), where hydrolysis and acidogenesis (the first stage of AD) oc-
curred at different temperature ranging between 16-26°C depending on the season (no external
heating), average HRT ranging between 29.1 and 33.3 hours, and average organic loading rate
(OLR) ranging between 3.06 and 3.35 kg COD m™ d!' (Fig. 5.1A and B, and Table B1, Supple-
mentary Information). During this stage, nutrients (nitrogen and phosphorus) were added in the
form of urea, and NH4"-N and PO4>-P were supplemented by de-watering sludge liquors to
achieve a COD:N:P ratio close to 350:5:1 (de Lemos Chernicharo, 2007). Moreover, NaOH was
dosed in the homogenization tank to adjust the pH of the treated wastewater. The hydrolyzed and
acidified wastewater then passed through two parallel belt filters, after having added a Fe-based

Page | 53



coagulant and, in some periods, polyelectrolyte to remove solids (Fig. 5.1A and B). After filtration,
the filtered, hydrolyzed, and acidified wastewater was pumped to a re-circulation tank (30 m?).
Prior to pumping from the re-circulation tank to the two high-rate reactors EGSB reactors (R2S),
NaOH was added to adjust pH. The wastewater was then pumped to two R2S reactors with an
active volume of 750 m? each, operated at an average HRT of 17 hours, average OLR of 4.77 kg
COD m™ d!, and average temperature of 29.4°C (Table B2, Supplementary Information), where
acetogenesis and methanogenesis occurred (Fig. 5.1A and B). The two-stage AD system has been
in operation since 2012; however, data were recorded in the treatment’s plant digital database since
2019. Therefore, the Results and Discussion section regarding the performance of the two-stage
AD plant is based on operational data from 2019 to 2026.

Biogas and methane were measured using ultrasonic flowmeters at a pressure of ca. 25 mbar.

The biomass in the homogenization tank was flocculant sludge (TS and VS not measured). The
homogenization tank was not seeded with any sludge; but, the sludge formed naturally within a
few days. The biomass in the R2S reactors was granular sludge. The R2S reactors were inoculated
with granular sludge from other anaerobic plants treating paper and pulp wastewater in central
Europe.
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Fig. 5.1. A) Full-scale homogenization tank and filtration unit (highlighted in red), and full-scale EGSB/R2S reac-
tors (highlighted in blue). B) Schematic drawing of the fruit juice processing wastewater (FJPWW) treatment pro-
cess.
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5.3.3. Analytical methods

FJIPWW was chemically analyzed twice a week using 24-hours samples for total and volatile solids
(TS, VS; APHA, 2005), total and soluble COD (LCKO014), alkalinity (LCK362), volatile fatty ac-
ids (VFA) in the form of acetic acid (LCK365), total nitrogen (No; LCK338), ammonium (NHa'-
N; LCK302, LCK303), total phosphorus (Pr; LCK348), and phosphate (PO,3-P; LCK348). Spec-
trophotometric measurements were performed using a Hach Lange DR 3900.

5.3.4. Batch test for specific methanogenic activity (SMA)

Specific methanogenic activity (SMA) was used to evaluate the methane-production potential of
anaerobic sludge/granules by quantifying the acetate-to-methane conversion rate (Abuzir et al.,
2025; Hussain & Dubey, 2017). This rate is influenced by temperature, microbial community com-
position, and physicochemical parameters (Donoso-Bravo et al., 2009; Kettunen & Rintala, 1997,
Souto et al., 2010).

SMA batch experiments were conducted in triplicate using sodium acetate (2000 mg COD L)
(Lee et al., 2025) and blanks under mesophilic conditions (37°C) with an Automatic Methane
Potential Test System (AMPTS, BPC Instruments, Lund, Sweden). For nutrient supplementation,
an anaerobic mineral medium was prepared according to Shelton & Tiedje (1984). Granular sludge
samples were collected from the R2S reactors during a single sampling event in 2025, with sam-
pling performed at different heights (i.e., 4.7, 7, 9, and 11 m), mixed, and added to SMA bottles
(working volume of 400 mL) at a substrate-to-inoculum ratio of 0.5 (g COD:g VSS). The bottles
were flushed with N to ensure anaerobic conditions and incubated in a 37°C water bath.

To quantify methane production, the biogas was passed through a 3 M NaOH solution containing
thymolphthalein indicator to absorb CO- (Lee et al., 2024), and methane production was recorded
automatically. The test lasted 100 hours and was terminated when methane production decreased
to <1% of the cumulative methane produced.

5.3.5. Calculations

The performance calculations for the homogenization tank and the R2S reactors (degree of acidi-
fication, COD removal efficiency, and methane yield) were based on pseudo—steady state condi-
tions. Pseudo—steady state periods were defined as stable operating intervals lasting at least 14
consecutive days. For each selected period, the mean and standard deviation were calculated from
the operational dataset (2019-2026) using a Microsoft Excel spreadsheet. Data points deviating
by more than two standard deviations from the period mean were treated as outliers and excluded
from further calculations (Abuzir et al., 2025; Bertanza et al., 2022).

The degree of acidification (DoA) is commonly used as an indicator of the fermentation process
(Ramos-Suarez et al., 2021) and was calculated as the ratio of total VFA produced to the initial
total COD (CODxotal, initial), @s shown in Equation 1.

g TVFA-COD
g COD¢qtalinitial

DoA [%] = (D
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where TVFA-COD represents the equivalent mass of VFA expressed as COD (in grams), and
CODxotal, initial Tepresents the mass of total COD (in grams) at the start of the experiment.

The COD removal efficiency provides insights into the AD performance in degrading COD and
was calculated as shown in Equation 2.

%] _ kg COD¢otalinfluent —K8 CODtotal effluent (2)
kg COD¢otal influent

COD removal efficiency [

where kg CODyotalinfluent represents the mass of total influent COD (in kg), and CODyoal effluent T€p-
resents the mass of total effluent COD (in kg).

The methane yield provides insights into the conversion of removed COD to methane and was
calculated as shown in Equation 3.

Nm?3CH4Cumulative methane production

Methane yield [Nm? CH4 kg CODxotal removed] =
3)

kg COD¢otalremoved

Where the cumulative methane production is expressed as Nm?> CHa, and CODiotal removed repre-
sents the mass of total removed COD (in kg).

5.4. Results and Discussion

The Results and Discussion section presents the overall performance of the two-stage AD plant
based on operational data collected from 2019 to 2026. It first evaluates hydrolysis and acido-
genesis in the homogenization tank, as discussed in Sections 5.4.1 and 5.4.2. It then examines the
subsequent acetogenesis and methanogenesis in the R2S reactors, as described in Sections 5.4.3
and 5.4.4. Finally, it presents the results of the SMA experiments, which were conducted to as-
sess the activity of granular biomass collected during a single sampling event in 2025.

5.4.1. Influent Characteristics

The average CODyoal concentration of FIPWW received by the anaerobic treatment plant in
Bronzolo ranged between 3775 and 4045 mg COD L' (Table 5.1 and Fig. B.1A, Supplementary
Information), depending on the seasonal production of the fruit juice (FJ). This CODtota range
indicates that FJPWW is characterized by a high organic matter content, making it suitable for AD
and biogas production (Chen et al., 2019; Ozbas et al., 2006; Zerrouki et al., 2021). However,
FIPWW is also low in alkalinity and has high carbon to nitrogen ratios, which may cause nutrient
imbalances and operational challenges during the AD process, indicating the need for alkalinity
and nutrient supplementation during the hydrolysis and acidogenesis step (Chen et al., 2019; Ozbas
et al., 2006; Zerrouki et al., 2021). The observed CODyotal range is within the range reported for
similar substrates, including fruit juice industry, soft drink industry, citrus juice process
wastewater, and beverage wastewater (668-32,855 mg CODioral L) (Cuff et al., 2018; El-Kamah
et al., 2010; Fuentes et al., 2021; Giines Durak et al., 2023).
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The influent FJPWW had a near-neutral to slightly alkaline pH (7.76-8.60; Table 5.1 and Fig.
B.1B, Supplementary Information), placing it toward the upper end of the broad pH interval re-
ported for beverage and juice-industry wastewaters (2.7-11.8) (El-Kamah et al., 2010; Fuentes et
al., 2021; Giines Durak et al., 2023; Xing et al., 2024). The neutral to slightly alkaline pH of
FIPWW could be attributed to the cleaning and washing materials used by the industry (Imoobe
etal., 2011).

Regarding TSS, the influent FJPWW contained 429-557 mg TSS L (Table 5.1), which supports
the need for solids reduction prior to methanization in the R2S reactors. High-rate granular sludge
systems such as EGSB reactors are generally better suited to wastewaters dominated by soluble
COD (Lettinga et al., 2001). The influent wastewater was sent to the belt filters after being hydro-
lyzed and acidified for the reduction of TSS. Reported TSS concentrations in soft drink and citrus
wastewaters, as well as other beverage effluents, span a wide interval (63—1442 mg TSS L), and
the influent in the present study falls within this broader context (Giines Durak et al., 2023; Imoobe
etal., 2011; Tyagi et al., 2019).

Alkalinity and macronutrients (such as nitrogen) are important parameters for the AD process
(Simeonov et al., 2025). FJPWW is low in nitrogen (0.76-0.89 mg NH4"-N, Table 5.1) and low in
alkalinity (~50-200 mg CaCO;3 L™}, data not shown because it was occasionally measured), which
could negatively impact the AD process and indicate the need for alkalinity and nutrient additions.
To address these deficiencies, dewatering sludge liquors and NaOH were dosed. Another approach
to address alkalinity and nutrient deficiencies is co-digestion with substrates that are high in alka-
linity and nitrogen, which can improve system stability and methane yield by encouraging a varied
microbial population, improving nutrient balance, diluting hazardous chemicals, and increasing
buffering capacity (Khanal, 2008; Liu et al., 2022).

Overall, FIPWW is suitable for biogas production; however, it is characterized by low alkalinity
and a high C:N ratio, which requires the addition of alkalinity and nutrients during the AD process.
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Table 5.1. FJPWW influent characteristics and effluent quality of the homogenization tank during the monitoring period 2019-2026: average values of the main
parameters (standard deviations); n = number of data points used to calculate the average and standard deviation.

Influent to homogenization tank

Effluent from homogenization tank

Operating CODxotal pH TSS NH4*-N CODxotal sCOD pH TSS NH4s*-N PO43-P VFA Alk
t. t
emperature [mg COD L] -] [mg TSSL'] [mgNL | [mgCODL [mgCODL- -] [mgTSSL'] [mgNL- [mgPL [mgHacL'] [mgCaCOs
1] 1] 1] 1] 1] L-l]
16°C 3775 (877) 8.39 429 (156) 0.76 2015(559) 2758 (488) 5.47 320(253)  32(24.5) 225 985.5 (348) 177 (95)
(1=348) (1.50) (1358) (0.28) (=116) (1=106) (5123822) (n=94) (n=130) (511132) (n=132) (1=22)
(n=338) (n=59)
21°C 4045 (1077) 7.76 496 (186) 0.75 3309 (849) 2720 (421) 5.36 370 (300)  23.2(19) 2.26 1093 (394) 305 (123)
(=214 (1.63) n213) (0.25) (162) (1=55) (1(1(127251) (n=58) (1=67) ((5;76(;)) (0=73) (n=21)
(n=338) (n=52)
26°C 3839 (1041) 8.60 557 (198) 0.89 2981 (852) 2517 (547) 5.38 422 (367) 26.6 1.80 898 (244) ;
(n=141) (1.70) (n=141) 0.44) (n=61) (n=47) (0.72) (n=47) ((312'641)) ((j:;?) (n=60)
(n=129) (n=31) (n=144)
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5.4.2. Homogenization Tank Performance

The performance of the homogenization tank in terms of total removal (CODyota) and the degree
of acidification (DoA) at different operating temperatures is summarized in Table 5.2.

Higher temperatures had no significant impact on CODyotal removal. Average CODyotal removal
was comparable across the three conditions (38%, 32%, and 35% at 16°C, 21°C, and 26°C, re-
spectively; Table 5.2 and Fig. B1A, Supplementary Information). Operating conditions were also
similar across temperatures, including average HRT (29.1, 32.6, and 33.3 hours; Table B1, Sup-
plementary Information), average pH within the homogenization tank (5.47, 5.36, and 5.38; Table
5.1 and Fig. B1C), and average OLR (3.35, 3.18, and 3.06 kg COD m™ d!; Table B1, Supplemen-
tary Information). Similarly, higher temperatures had no significant impact on DoA, with compa-
rable average values of 23%, 25%, and 21% at 16°C, 21°C, and 26°C, respectively (Table 4.2).

Higher temperatures were expected to increase CODyoral removal efficiency and DoA due to faster
AD reactions (Tho & Thanh, 2025; van Niel et al., 2003). The absence of a temperature effect
suggests limited enhancement in FIPWW solubility, likely because FJPWW is already highly bi-
odegradable (Chen et al., 2019; Rabii et al., 2019). It also suggests that other operational factors
may have a stronger influence on COD removal and DoA, such as the food to microorganism ratio
(F/M) (Tho & Thanh, 2025); however, biomass in terms of VS was not monitored in this study.

The observed CODyotal removal (32—38%; Table 5.2) falls within the range reported for hydrolysis—
acidogenesis of comparable highly biodegradable wastewaters (7—47%) (Fuentes et al., 2021; Mari
et al., 2020). The observed DoA (21-25%; Table 5.2) is of the same order as values reported across
a range of wastewaters treated under acidogenic conditions (24—79%) (Liu et al., 2019; Tawfik &
El-Kamah, 2012; Vergine et al., 2015; Yu et al., 2021).

The DoA observed in this study (21-25%) is not expected to negatively affect the methanogenic
reactor, given that it is below the commonly recommended upper limit DoA of 50% (Alexiou et
al., 1994). The relatively low COD removal in the hydrolysis and acidogenesis stage can be at-
tributed to the conversion of substrate primarily into soluble intermediates such as VFA and alco-
hol, resulting in limited net reduction in COD concentration (Lu et al., 2019). It should also be
noted that hydrolysis and acidogenesis may produce gaseous metabolites, particularly H> and CO.,
in addition to soluble intermediates (Zheng & Li, 2024). Since these gaseous products were not
measured in this study, their fate within the system and their contribution to the overall process
performance remain outside the scope of the present analysis. The acetic acid and VFAs produced
in this stage may affect the second stage, where methane production takes place; acetic acid accu-
mulation above 2000 mg HAc L' was observed to negatively impact the overall stability of the
system and the methanogenic step (Karthikeyan & Visvanathan, 2013).

The concentration of volatile fatty acids (VFAs) in the effluent of the homogenization tank and
the pH within the homogenization tank are key parameters to track because they provide insights
into the performance of the hydrolysis and acidogenesis process.

The average VFA concentration range was comparable across temperatures, indicating no temper-
ature effect (985, 1093, and 898 mg HAc L™ at 16°C, 21°C, and 26°C, respectively; Table 5.2 and
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Fig. B.1B, Supplementary Information). The effluent sCOD of the homogenization tank contained
similar VFA content (38-41%, Table 5.2), indicating effective hydrolysis and acidogenesis pro-
cesses and suggesting that the effluent was rich in VFA for the methanogenesis process. The
VFA/sCOD ratios in this study (38-41%, Table 5.2) were higher than those reported for a homog-
enization tank treating a relatively similar substrate by Austermann-Haun et al., (1997) (20-27%),
which may be attributed to the higher HRT in this study (29-33 hours) compared with 13 hours in
their study. Austermann-Haun et al. (1997) reported that a VFA/sCOD range of 20-27% was iden-
tical to operating a UASB for methane production from the fruit juice industry.

Regarding pH in the homogenization tank, pH varied only marginally with temperature (5.49, 5.36,
and 5.38 at 16°C, 21°C, and 26°C, respectively; Table 5.1 and Fig. B.1C, Supplementary Infor-
mation). This mildly acidic pH is typical of hydrolysis—acidogenesis (4.0-6.5) (Amo et al., 2015;
Simeonov et al., 2025; Srisowmeya et al., 2020; Van et al., 2020).

Overall, higher temperatures had no significant impact on the hydrolysis and acidification process.
The homogenization tank showed stable and comparable performance in terms of CODyo removal
and VFA production compared to previously reported studies.

Table 5.2.Performance of the homogenization tank: average values of the main parameters (standard deviations).

CODyota1 removal DoA VFA/sCOD
efficiency [%] (%]
[%0]
Operating tem-
perature
16°C 38(23) 23 (12) 39 (16)
21°C 32 (10) 2509 41 (15)
26°C 35(19) 21 (9) 38 (10)

5.4.3. TSS and COD removal in the Methanogenic Reactors (R2S reactors)

The influent and effluent characteristics and CODyo performance of the R2S reactors are summa-
rized in Table 4.3 and compared with other reactors treating similar substrates.
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Table 5.3.Influent characteristics and effluent quality of methanogenic reactors (EGSB/R2S) treating highly biodegradable wastewater for biogas production
during the monitoring period 2019-2026: average values of the main parameters (standard deviations); n = number of data points used to calculate the average

and standard deviation.

Influent to the R2S reactors

Effluent from the R2S reactors

Parameter This study Full-scale Full-scale Full-scale Two Lab-scale This study Full-scale Full-scale Full-scale Two Lab-scale
(R2S) ECSB?* UASB? EGSB* UASRs! (R2S) ECSB® UASB® EGSB*¢ UASRs*
COD¢ot [ mg COD L~ 2902 (547) 9046.6 (2265) 820-2411 1999-2244 5157 (2897) 349 (171) 212-1099 - 310 2033
1 (n=217) (n=20) (n=220)
sCOD [mg COD L] 2787 (510) 7540-11,687 - - 2,429 (401) 191 (46.7) 205-221 - - -
(n=241) (n=20) (n=220)
CODiot removed [%] - - - - - 88.1 (4.95) 96 (1.3) 82-90 >85 61-70
(n=220)
pH [-] 5.69 5.90-6.30 6.30 - <5.0 7.06 (0.20) 7.34 6.8-6.9 6.5-7.5 7.40
(0.76) (n=581) (n=220) (0.15)
TSS [mg TSS L] 160 (112) (n=160) - - - 323 (349) 151 (115) - - - ~ 100
(n=20) (n=45)
VFA [mg Hac L] 1082 (367) 170-581 - 234-434 - 69.2 (34.2) 83.4 - 223 -
(n=246) (n=45)
Alkalinity [mg 198 (138) 344-2545 - - - 826 (46.4) - - - -
CaCOs L1 (n=76) (n=76)
NH4*-N [mg N L] 26.4 (19.7) 195-249 - - - 26.9 (13.79) - - - -
(n=243) (n=57)
PO43-P [mg P L] 2.67 (3.04) - - - - 4.69 (1.21) - - - -
(n=223) (n=59)
VFA/AIk [-] - - - - - 0.07 (0.015) - - - -
(n=43)

a: Chun-Te Lin et al. (2020), b: Austermann-Haun et al. (1997), c:

Cuff et al. (2018), d: El-Kamabh et al. (2010)
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The average influent CODy, concentration decreased from 2902 mg COD L™! in the influent to 349
mg COD L in the effluent (Table 5.3 and Fig. B.4, Supplementary Information), corresponding
to an average COD removal efficiency of 88.1% (Table 5.3). This reduction indicates high COD
removal and effective conversion into biogas in the R2S reactors. The high COD removal effi-
ciency could be attributed to the biodegradability and solubility of the influent wastewater, indi-
cated by the high sCOD/CODioal ratio in the effluent from the homogenization tank
(2787/2902=96%) (Table 5.3). Similar treatment systems have reported COD removal efficiencies
spanning 61-96%, placing the present performance toward the upper part of this range (Auster-
mann-Haun et al., 1997; Chun-Te Lin et al., 2020; Cuff et al., 2018; El-Kamabh et al., 2010). How-
ever, the treated wastewater requires further treatment for additional COD removal before dis-
charge into a river.

Moreover, the R2S reactors were efficient in degrading VFAs and converting them into biogas.
The average influent VFA concentration decreased from 1082 mg HAc L! to 69.2 mg HAc L
(Table 5.3 and Fig. B.5, Supplementary Information), indicating high degradation efficiency. In
comparison, effluent VFA concentrations reported for related treatment systems were typically
higher (83.4-223 mg HAc L") (Chun-Te Lin et al., 2020; Cuff et al., 2018).

In contrast, the average TSS concentration only decreased slightly from 161 mg TSS L in the
influent to 151 mg TSS L in the effluent (i.e., a decrease of 6.2%) (Table 5.3). This low TSS
removal may be attributed to the washout of granules, flocculent biomass, and solids in the efflu-
ent, potentially due to high mixing in the R2S reactors associated with effluent recirculation. In
the long term and at high OLRs, biomass washout could negatively impact the overall AD perfor-
mance by disturbing the formation of granules and reducing treatment efficiency, potentially lead-
ing to AD process failure (Zhang et al., 2024; Aragén-Barroso et al., 2026). The TSS decrease
observed in this study was lower than the approximately 69% TSS removal reported by El-Kamah
et al. (2010) for fruit juice industry wastewater treated in lab-scale UASRs, despite their higher
average OLR of 8.7 kg COD m™ d! compared with 4.78 kg COD m™ d! (Table B2, supplementary
information) in this study.

To further assess R2S stability, the VFA/Alk ratio was considered and was 0.07 (Table 5.3), which
was close to the recommended value of 0.1 for stable AD performance (Gong et al., 2020).

Overall, the R2S reactors were effective in degrading COD.
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5.4.4. Biogas Production

Fig. 5.2 shows the impact of OLR on methane production in the R2S reactors. Higher OLR
resulted in higher methane production (Fig. 5.2). The lowest OLR observed in this study was
1.52 kg COD m™ d!, corresponding to a methane production of 566 Nm? d! (average methane
content of 80%) (Fig. 5.2). The highest OLR was 9.53 kg COD m™ d’!, corresponding to a
methane production of 4560 Nm? d! (average methane content of 80%) (Fig. 5.2). The increase
in methane production with increasing OLR could be attributed to the higher input of highly
biodegradable organic matter at higher loads. A similar trend was reported by Zhou et al. (2022)
for high-solids AD of food waste (FW) in a horizontal flow reactor. Likewise, Pan et al. (2023)
reported that methane production rates in bio electrochemical AD of brewery wastewater in-
creased from 0.48 LCHs L' d”! (OLR of 2 g COD L' d ') t0 5.64 L CHs L' d! (OLR of 20 g
COD L d'). However, it is expected that this increase may reach a point at which methane
production decreases at higher OLR. At higher OLRs, process performance can be disturbed
because larger influent volumes may shift physiochemical conditions and cause temporary in-
hibition of microbial activity (Cruz-Salomén et al., 2019).
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Fig. 5.2. Impact of OLR on daily methane production in the EGSB/R2S reactors.

Fig. 5.3 and Table 5.4 summarize the methane yield of the R2S reactors and compare them
with previous studies on similar substrates. The methane yield observed in this study was 0.277
Nm? CHa kg 'CODremoved (Fig. 5.4 and Table 5.4), corresponding to 79% of the standard me-
thane production of 0.35 Nm*CHa kg 'CODremoved, indicating high conversion of COD into
methane. The difference from the theoretical value may be explained by COD incorporation
into biomass, the presence of slowly biodegradable or non-biodegradable substrate fractions,
and possible methane losses not captured in the measured gas phase, such as dissolved methane
in the effluent. In addition, the composition of fruit-processing wastewaters can vary over time
and may include components of differing biodegradability, which can also contribute to
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methane yields below the theoretical maximum. The methane yield obtained in this study was
within the range reported in previous studies treating similar substrates at comparable OLRs,
which showed values of 0.18—0.27 Nm?* CHa4 kg™' CODremoved.

Overall, the EGSB (R2S) reactors showed effective performance in converting VFAs and or-
ganic matter into methane.
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Fig. 5.3. Methane yield in the EGSB/R2S reactors. The blue solid curve shows the measured cumulative me-
thane production plotted against the cumulative COD removed. The orange dashed line represents the linear re-
gression used to estimate the methane yield from the slope of the relationship.

Table 5.4.Performance of bioreactors treating highly biodegradable wastewater: organic loading rates and me-
thane yield (average values with standard deviations).

Parameter Unit This Lab-scale Lab-scale
study EGSB? EGSBP
Average OLR kg CODm?3 d' 4.77 (1.43) 5 221
Methane yield Nm? CH4 kg™! 0.277 0.271 0.180
CODremoved

a: Xing et al. (2024), b: Rodrigues,et al. (2024).
5.4.5. Specific Methanogenic Activity (SMA)
SMA tests provide insights into the activity of granular orflocculant sludge in methane produc-
tion. Fig. 5.4 shows the methane production profile during the SMA test, which lasted 92 hours.

The SMA values obtained in this study, together with previously reported SMA values for
granular and flocculant sludge from bioreactors at different scales, are presented in Table 5.5.
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Methane production increased rapidly during the first 20 hours of the SMA test and then re-
mained stable (Fig. 5.4). The SMA obtained in this study was 317 NmL CH4 g'VSS d'! (Table
5.5), indicating high activity of the granular sludge in producing methane. This value is close
to the upper end of SMA values commonly reported for sludges treating industrial wastewaters
(105-350 NmL CHa4 g' VSS d') (Abuzir et al., 2025; Chen et al., 2020).
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Fig. 5.4. Specific methanogenic activity test (SMA) of granular sludge.
Table 5.5.SMA values for different types of sludge.

SMA value This study Flocculant sludge® Granular sludge®

NmLCH4 g'VSSd?! 317 185.6 105-350

a: Abuzir et al. (2025), b: Chen et al. (2020).

5.4.6. Suggestion for Plant Operation, Monitoring and Future Research

Plant operation and monitoring are essential for maintaining an effective and stable AD pro-
cess. Parameters such as temperature, pH, OLR, VFA/ALK, and HRT are widely used as key
performance indicators (KPI) (Aragon-Barroso et al., 2026; Cruz-Salomon et al., 2019; Tho &
Thanh, 2025). However, as discussed in section 5.4.2, the impact of changing some of these
parameters, such as temperature, was not significant, highlighting the need to monitor and
measure other parameters such as F/M in the homogenization tank. This reflects what was
noted by Tho & Thanh. (2025). The F/M ratio reflects the capacity of microbial communities
to utilize the available substrate; therefore, maintaining it within an appropriate range is im-
portant for bioreactor efficiency (Tho & Thanh, 2025). F/M can be estimated by measuring the
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VS (in grams) of the substrate and the biomass within the equalization tank at least once a
month.

In the methanogenic reactor, monitoring granular sludge settleability and activity is important
and may provide additional insight into granular sludge quality. For instance, in section 5.4.3,
TSS removal was low (6.2%), indicating sludge/solids washout; therefore, monitoring granular
sludge settleability could help assess granule stability. Measuring VS at different reactor
heights provides insight into solid—liquid separation and microbial activity (Abuzir et al., 2025;
Hussain & Dubey, 2017), where lower VS at the top indicates better settleability. Settleability
can be assessed using the Imhoff cone test as described by Lin et al. (2019), while granule
activity can be evaluated using SMA tests as described by Abuzir et al. (2025), Kjerstadius et
al. (2016), and Lee et al. (2025).

Given the limited research on optimal operating and hydrodynamic conditions for EGSB reac-
tors such as R2S treating real highly biodegradable wastewater such as FJPWW, future work
could further characterize granule properties (e.g., diameter and mineral content) (Lin et al.,
2019) and apply computational fluid dynamics (CFD) to optimize internal hydrodynamics and
critical components, particularly GLS separators under high-rate conditions. Addressing these
aspects could help explain the low TSS removal (6.2%) and sludge washout discussed earlier
in section 3.3. For example, Pan et al. (2017) used validated 3D multiphase CFD to optimize
the EGSB separator deflector angle, showing that a 40° configuration minimizes sludge wash-
out by promoting vortex-driven sludge reflux under high upflow conditions. CFD-based ap-
proaches may also provide mechanistic insight into granulation by linking EGSB operating
conditions to local flow fields, shear stresses, and particle interactions that govern granule sta-
bility, growth, and washout. Moreover, future research could focus on optimizing the first stage
of the two-stage AD process, for example, by co-digesting with substrates that are high in al-
kalinity and nutrients (N and P), such as primary sludge or animal manure.

5.5. Conclusions

The performance of a full-scale two-stage anaerobic digestion system treating fruit juice pro-
cessing wastewater (FJPWW) was evaluated over 6 years. The system comprised hydroly-
sis/acidogenesis in the homogenization tank and acetogenesis/methanogenesis in the R2S re-
actors. Performance was assessed based on VFA production, degree of acidification (DoA),
CODxotal removal, and biogas production, and was compared with previously reported lab-scale,
pilot-scale, and full-scale studies on similar substrates. In addition, implications for plant op-
eration, monitoring, and future research were discussed.

The full-scale acidification tank demonstrated comparable performance across operating tem-
peratures, achieving CODyot removal of 32-38% and conversion into VFAs (DoA of 21-25%)).
The full-scale R2S reactors also performed effectively, with CODy removal of 88% and biogas
production of 1763 Nm>CH, d! (average CHa4 content of 80%). Overall, the performance was
comparable to previous lab-scale, pilot-scale, and full-scale studies on similar substrates, con-
firming that anaerobic digestion is a viable treatment solution for FJPWW.

Although the full-scale two-stage anaerobic digestion system treating FIPWW showed prom-
ising results, further research is needed to optimize the first stage, particularly with respect to
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nutrient balance and alkalinity addition. Potential strategies include co-digestion with high-
alkalinity, high-nitrogen substrates such as primary sludge or animal manure. In addition, mon-
itoring the F/M ratio, especially in the first stage, is recommended to provide deeper insight
into acidification performance. In the methanogenic reactor, granular sludge settleability
should be assessed to better understand the risk of granular biomass washout which could lead
to process failure. Future research could also apply computational fluid dynamics to optimize
internal hydrodynamics in the methanogenic reactor, and conduct in-depth investigations of
the microbial communities in both stages to further refine operating conditions for these mi-
croorganisms.
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Chapter 6

Impact of co-digesting fruit juice pro-
cessing wastewater with primary sludge on
VFA and methane production

This chapter is submitted to the journal of Chemical Engineering as:

Abuzir, S.; Simion, G.; Domini, M.; Bertanza, G. Impact of co-digesting fruit juice pro-
cessing wastewater with primary sludge on VFA and methane production.

Page | 70



Chapter 6. Impact of co-digesting fruit juice pro-
cessing wastewater with primary sludge on VFA and
methane production

6.1. Abstract

Fruit juice processing wastewater (FIPWW) contains high concentrations of readily biode-
gradable COD and is therefore suitable for biogas production, but low buffering capacity and
potential nutrient imbalance can accelerate acidification and destabilize anaerobic conversion.
Co-digestion with substrates characterized by high buffering capacity and nutrient availability
is a viable strategy to mitigate these limitations and support stable process. This study evaluated
whether co-fermenting and co-digesting FIPWW with primary sludge (PS) improves VFA pro-
duction and methane yield. Batch acidogenic fermentation was conducted for 100 hoursin 1 L
bottles using FJPWW alone and FIPWW+PS at 97:3 and 90:10 (vol./vol.), at a substrate-to-
inoculum ratio of 2:1 g COD g VS™! and initial pH 6.0. After settling, supernatants were as-
sessed in BMP assays (OxiTop®) at 35 °C for 120 hours, with a substrate-to-inoculum ratio of
0.25 gCOD gVS™! and initial pH adjusted to 7.0. During fermentation, CODyo decreased from
6.47-7.62 to 4.70-6.16 g COD L™, corresponding to CODxotal removal efficiencies of 27.4%,
29.4%, and 19.4% for FIPWW, 97:3, and 90:10, respectively. DoA peaked at 24 hours (33%,
31%, and 15%), alongside maximum VFA yields of 0.89, 0.86, and 0.45 g nTVFA-COD g
VS~ final VFA profiles were acetate-dominated (51-57% of total VFAs). In BMP tests, me-
thane yields were similar for FIPWW (504.3 NmL CHs g VS™!) and 97:3 (504.5 NmL CHs g
VS, while 90:10 was lower (483.7 NmL CH4 g VS™!). Overall, PS at the tested ratios did not
lead to a significant enhancement in either VFA accumulation or methane yield, however, co-
fermentation with primary sludge improved the COD:N ratio of the substrate mixture. Further
research is needed to investigate primary sludges from different municipal WWTPs, and eval-
uate the influence of controlled pH conditions.

6.2. Introduction

Rising demand for apple juice has led to increased production and larger volumes of fruit juice
processing wastewater (FJPWW). If not properly managed, FIPWW’s high organic carbon
content can cause serious environmental problems, including pollution of ground and surface
waters and risks to animal and human health (Foo et al., 2009; Khan et al., 2021; Uddin and
Wright, 2023; Zerrouki et al., 2021).

FJIPWW is characterized by high organic content (elevated chemical oxygen demand, i.e.
COD), low pH, low alkalinity, and a high carbon-to-nitrogen (C:N) ratio. These characteristics
can result in limited buffering capacity and nutrient imbalances, and treatment is further com-
plicated by significant fluctuations in flow volume (Austerman-Haun and Rosenwinkel, 1997,
Chen etal., 2019; Dold et al., 1980; Ozbas et al., 2006; Valta et al., 2015; Zerrouki et al., 2021).
Owing to the generally high biodegradability of its organic matter, despite the wide variability
in reported COD concentrations (375-124,800 mg COD L), FIPWW can be treated using
various technologies, including AD (Dold et al., 1987; Ozbas et al., 2006; Zerrouki et al., 2015).
However, because FJPWW is highly biodegradable and has limited buffering capacity, rapid
volatile fatty acids (VFA) production may occur and lead to a pH drop, potentially affecting
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the stability of the AD system (Cremonez et al., 2022). AD enables the production of biogas, a
clean and environmentally friendly energy source that can be converted into electricity and
heat using combined heat and power generators, and upgraded to biomethane for use as a trans-
portation fuel(Feiz & Kanda, 2024; Mateescu et al., 2008; Zerrouki et al., 2021).

AD is a multi-stage process in which different groups of microorganisms convert organic mat-
ter into biogas, mainly methane (CH4) and carbon dioxide (CO2) (Appels et al., 2008; Joshi and
Visvanathan, 2019; Zheng & Li, 2024). The four main stages are hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. In sequence, complex polymers are broken down into mon-
omers, then into volatile fatty acids and alcohols, followed by conversion to acetate, hydrogen,
and CO:, and finally to methane (De et al., 2019; Khan et al., 2021; Pan et al., 2021; Paul et
al., 2022; Wang et al., 2018).

The efficiency and stability of AD depend on several operational parameters, including tem-
perature, pH, and the carbon to nitrogen (C:N) ratio (Odedina et al., 2017; Zheng & Li, 2024).
Mesophilic temperatures between 20 and 45 degrees Celsius and a neutral pH optimize micro-
bial activity (Cremonez et al., 2021; He et al., 2022; Kainthola et al., 2019). A C:N ratio of 20-
30:1 is considered ideal for stable AD performance (Laiq et al., 2019; Odedina et al., 2017).

AD can be implemented using either single-stage or two-stage systems. In single-stage AD, all
microbial processes occur within a single reactor, whereas two-stage AD separates these pro-
cesses, allowing for the optimization of conditions for each microbial group and thereby en-
hancing overall efficiency (Ferrera et al., 2022). The first stage of two-stage AD favors hydro-
lytic and acidogenic bacteria (pH 5—6, short hydraulic retention times), resulting in the produc-
tion of VFAs, CO:, and H: (Fuentes et al., 2021; Ketheesan et al., 2015). The second stage
supports methanogens (pH 6-8, longer retention times), which convert acetic acid into methane
(Ferrera et al., 2022; Fuentes et al., 2021). This configuration is particularly effective for treat-
ing high-sugar wastewaters, such as AJW, which can destabilize single-stage systems (Feng et
al., 2020; Mari et al., 2020). Reported methane contents of 70-80.6% and acidification degrees
of 54-89% (Bergland et al., 2010; Carvalheira et al., 2018; Mateus et al., 2020) further demon-
strate the strong performance of two-stage AD systems.

Two-stage AD provides greater stability, higher tolerance to organic loads, and enables recov-
ery of valuable byproducts (Fuentes et al., 2021). Separating acidogenic and methanogenic
phases allows for optimal pH control, boosting biogas yield and substrate degradation (Fuentes
et al., 2021; Perera et al., 2012). For example, two-stage systems can achieve COD removal
efficiencies 35% higher than single-stage systems in food waste digestion (Parra-Orobio et al.,
2021).

A key challenge in treating carbohydrate-rich wastewater like FJPWW is rapid acidification
and VFA accumulation, mainly due to a high C:N ratio, lack of trace elements, and low buft-
ering capacity, especially during the acidogenic phase. High VFA levels lower pH, inhibit mi-
crobes, and reduce biogas production (Mishra et al., 2017; Rocha et al., 2023; Zheng & Li,
2024). Pre-treatment is often required, such as nutrient addition to improve the C:N ratio
(Ozbas et al., 2006) or chemical buffering with agents like NaHCOs or NaOH (Feng et al.,
2020; Rocha et al., 2024). However, chemical buffers like NaOH are costly for large-scale use
and mainly suitable for laboratory research (Algapani et al., 2016). This challenge was also
evident in parallel work on a full-scale two-stage anaerobic digestion system treating FIPWW
in Bronzolo, Italy, where NaOH and dewatering sludge liquors from anaerobic digesters
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digesting primary, secondary, and waste activated sludge from the municipal wastewater treat-
ment plant were added to increase the buffering capacity to maintain a stable pH, and to in-
crease the nutrient capacity for the AD process to occur. However, this approach increases
operational costs, highlighting the need for alternative, cost-effective buffering and nutrient-
balancing strategies.

An effective alternative is co-digestion, where FJPWW is combined with substrates that have
a low C:N ratio and high buffering capacity, such as sewage sludge, primary sludge (PS), or
animal manure (Baldi et al., 2019; Paranjpe et al., 2023; Paudel et al., 2017). However, the
choice of co-substrate should not only be based on the process performance enhancement, as
it may affect the quality of digestate and therefore influence its potential end use (Azarmanesh
et al., 2023; Rao & Baral, 2011; Tormo, 2015). Consequently, the selection of co-substrates
depends on the local treatment context, including substrate availability, regulatory conditions,
contaminant content, and whether the digestate is intended for agricultural reuse (Catenacci et
al., 2022; Delzeit & Kellner, 2013; Gopinath et al., 2021).

Co-digestion involves a simultaneous anaerobic treatment of two or more substrates (Rabi et
al., 2019). Co-digestion could improve process stability and methane yield by creating syner-
gistic conditions, including a more diverse microbial community, improved nutrient balance
(proper C:N ratio and supplementation of trace elements) and greater buffering capacity (Bol-
zonella et al., 2006; Mata-Alvarez et al., 2014; Xie et al., 2018).

PS, generated during municipal wastewater treatment, is typically thickened to reduce water
content before anaerobic digestion and is more biodegradable than secondary sludge (SS)
(Azevedo et al., 2023; Elsayed et al., 2021; Perez-Esteban et al., 2022). PS is rich in organic
matter and nutrients and has a low C:N ratio (Bouallagui et al., 2010; Silvestre et al., 2011).
Co-digesting FIPWW with PS despite the relatively low methane potential of PS (132.4 NmL
CH4 g VS—1) (Elsayed et al., 2016), could enhance VFA production and biogas yields by bal-
ancing the C:N ratio, improving the mineral nutrient profile, reducing toxic substances, in-
creasing substrate degradation, and stabilizing the digestion process (Azevedo et al., 2023;
Elsayed et al., 2019; Sosnowski et al., 2008). However, the suitability of PS as a co-substrate
should not be assessed solely on process performance, as practical applicability also depends
on substrate availability, transport distance, and integration with existing treatment infrastruc-
ture; moreover, the inclusion of sewage-derived materials may affect digestate management
and regulatory constraints related to reuse (Azarmanesh et al., 2023; Catenacci et al., 2022;
Ebrahimi et al., 2025). For example, Raki¢ et al. (2024) found that co-digesting food waste
(FW) with PS at a 1:3 (volume to volume) ratio increased biogas production by 52% compared
to mono-digestion of FW. Similarly, Elsayed et al. (2021) reported that co-digesting fruit and
vegetable waste (FVW) with PS at a 50:50 (volatile solids) ratio resulted in a 5% increase in
methane yield. However, there is a notable lack of studies investigating the co-digestion of
FIPWW with PS to enhance methane production and improve acidogenesis in two-stage AD
systems at batch, laboratory, or pilot scales.

Therefore, this study investigates the potential of co-digesting FIPWW with PS at varying vol-
ume-to-volume (vol./vol.) ratios, assessing its effects on VFA production and on methane
yield, to better understand performance across both stages of the AD process.
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6.3. Methods and Materials

6.3.1. Substrates and Inoculum

Fruit juice processing wastewater (FJPWW) was sourced from the Bronzolo wastewater treat-
ment plant (WWTP) in Northern Italy, which treats this stream via a two-stage AD process
followed by conventional municipal wastewater treatment (MWWTP). The Bronzolo WWTP
has a treatment capacity of 342,000 population equivalent (PE) and has been in operation since
1996. It treats both municipal and industrial wastewater from Bolzano, Bronzolo, Laives, Nova
Ponente, and Vadena, Northern Italy. Industrial wastewater undergoes pre-treatment (filtration,
homogenization, and acidification) and is then treated in two anaerobic reactors producing bi-
ogas collected in a gasometer; the partially treated effluent is subsequently co-treated with mu-
nicipal wastewater through conventional municipal treatment steps.

The FIPWW, generated by a nearby fruit juice factory, has a flow rate of 500-3,500 m* d".
Physio-chemical characteristics are provided in Table C1 Supplementary Information). PS was
obtained from the primary settler at the MWWTP of Bronzolo where the daily flow contribu-
tion of the industrial wastewater (FJPWW) entering the MWWTP was roughly 50%.

The inoculum for acidogenic fermentation was flocculent biomass from the Bronzolo WWTP
homogenization tank (used for hydrolysis and acidogenesis), which receives FIPWW prior to
methanization (HRT: 16-30 hours).

For biochemical methane potential (BMP) tests, the inoculum was granular sludge from vari-
ous heights within an EGSB reactor treating filtered effluent from the homogenization tank at
the same WWTP of Bronzolo. This granular biomass contained 92.4 g VS L', and the EGSB
reactor operated with an HRT of 12-24 hours.

6.3.2. Experimental set-up

The experiment was conducted in two parts to evaluate the impact of co-digesting FJPWW
with different vol./vol. ratios of PS on VFA production and methane yield. The first part in-
volved an acidogenic fermentation test (Figure 6.1A). The acidified substrates generated in this
test were subsequently used as substrates for methane production in the second part, a Bio-
chemical Methane Potential test (Figure 6.1B).

FIPWW FIPWW FIPWW FIPWW
EIEWW FIPWW +PS (97:3) +PS (97:3) +PS (90:10)  +PS (90:10)

= ﬁ ﬁ
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Fig. 6.1. A) Schematic of the fermentation experiment. B) Co-digestion of FIPWW and PS BMP test using the
OxiTop®-IDS AN 6 system.

6.3.2.1. Acidogenic Co-fermentation Test

The acidogenic fermentation experiments were performed at the WWTP of Bronzolo using
Duran® glass bottles with a capacity of 1 L for 100 hours. Three different substrate mixtures
of varying vol./vol. ratios of FJPWW and PS were tested to evaluate the impact of co-ferment-
ing FIPWW with PS on VFA production: one containing only FJPWW, one containing
FIPWW co-fermented with PS at a vol./vol. ratio of 97:3 (8.26 g COD g! COD), and one
containing FJPWW co-fermented with PS at a vol./vol. ratio of 90:10 (2.30 g COD g'! COD),)
. The experiment was done in duplicates. The low PS volumes used were determined by the
maximum availability of PS at the MWWTP in Bronzolo.All the substrates were collected as
grab samples from their sources and stored at 4°C. The working volume of the experiment was
800 mL (including the substrate and the inoculum) with 200mL of head space. All bottles were
closed with a cap with no gas measurements. The substrate-to-inoculum (S:I) ratio was main-
tained at 2:1 g COD g VS'!, and the VS of the inoculum was 22.2 g VS L"! because S:1 ratio of
2-4 g COD g VSS™! has been found to maximize VFA production (Gandhi et al., 2022; Lauz-
urique et al., 2022; Silva et al., 2013), and was a value selected based on previously reported
ranges in the literature (Esfandiar et al., 2024; Guo et al., 2014; Tian et al., 2024).

Before the acidogenic fermentation experiment, FJPWW was supplemented with nutrients in
the form of phosphoric acid (HsPOs; 0.3 mL) and with 0.5 g of urea. Nutrients were added at
the start of the fermentation test to help maintain process stability and prevent process failure.
Sodium hydrogen carbonate was added to all bottles to ensure that there is enough alkalinity
for the test as suggested by Metcalf & Eddy, (2003).
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All bottles were flushed with nitrogen gas (N2) for two minutes to establish anaerobic condi-
tions, and the contents were continuously gently stirred.

6.3.2.2. Biochemical methane potential (BMP)

Biochemical methane potential (BMP) tests were conducted to evaluate the effect of co-digest-
ing FJPWW with PS on methane production at different vol./vol. mixing ratios. Three substrate
configurations were tested: FIPWW alone, FJPWW co-digested with PS at a vol./vol. ratio of
97:3, and FIPWW co-digested with PS at a vol./vol. ratio of 90:10, each in duplicate, including
blank controls. The experiments were performed using an OxiTop®-IDS AN 6 system.

The total operating volume of each bottle, including substrate and inoculum, was set to 200
mL. Higher operating volumes (400 and 500 mL) resulted in a rapid increase in internal pres-
sure, exceeding the maximum allowable pressure of 500 hPa and necessitating frequent vent-
ing. The selected operating volume of 200 mL is also consistent with recommendations for
homogeneous substrates (Holliger et al., 2016; Pearse et al., 2018). Substrates were obtained
from the acidogenic fermentation tests after settling, and only the supernatant was used. The
substrate-to-inoculum (S:I) ratio was maintained at 0.25 g COD gVS™!, using granular biomass
with a volatile solids concentration of 92.4 g VS L.

The initial pH was adjusted to 7.0 using 37% hydrochloric acid and sodium hydrogen carbonate
(EMSURE®). Sodium hydrogen carbonate was added to ensure an alkalinity above 1.5 g
CaCOs L, in accordance with BMP test guidelines (Holliger et al., 2016). Sodium hydroxide
pellets (EMPLURA®) were used for CO: capture.

All bottles were flushed with N> for 2 min to establish anaerobic conditions, incubated at 35
°C and gently stirred to avoid damaging the granules. Gas volumes were normalized to standard
conditions (0 °C, 1013 hPa). The tests were terminated after 120 h, when cumulative methane
production had stabilized.

6.3.3. Analytical Methods

All substrates were chemically analyzed before and after acidogenic fermentation for total and
volatile solids (TS, VS; APHA, 2005), total and soluble COD (LCKO014), alkalinity (LCK362),
total nitrogen (Ni; LCK338), ammonium (NH4+"-N; LCK302, 303), total phosphorus (P
LCK348), and phosphate (PO4>-P; LCK348). Spectrophotometric measurements were per-
formed using a Hach Lange DR 3900.

Volatile fatty acid (VFA) concentrations and compositions were determined using a high-per-
formance liquid chromatography (HPLC) system. The analysis employed 2 mM H.SOs as the
mobile phase (LC 20 AD pump), with samples maintained in a cooled autosampler (SIL-40C,
5°C). Separation was achieved using an AMINEX HPX-87H column as described by Abuzir
et al. (2025), operated at 40°C and a flow rate of 0.7 mL min™!. Detection was performed at a
wavelength of 210 nm (SPD 20 AV), and data were processed using LabSolutions software.

6.3.4. Calculations

The yield of VFA is defined as the mass of net total VFA (nTVFA) produced per gram of
organic solids in the substrate, as expressed in Equation 1:
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where g nVFA-COD represents the net equivalent mass of VFA expressed as COD, and g
V Ssubstrate Tepresents the mass of volatile solids content of the substrate.

The degree of acidification (DoA) serves as an indicator of the fermentation process (Ramos-
Suarez et al., 2021) and is calculated as the net amount of total VFA produced (i.e., the increase
in VFA concentration relative to the initial value) divided by the initial total COD, as described
by Vergine et al. (2015) and shown in Equation 2:

gnTVFA-COD
9 CODyot initial

DoA [%] = (2)

where g nVFA-COD represents the net equivalent mass of VFA expressed as COD, and g
CODxoy, initial Tepresents the mass of total COD at the start of the experiment.

6.4. Results and Discussion
6.4.1. COD profile

Batch tests were conducted using three volumetric ratios of FIPWW and PS to assess the effect
of co-digesting FIPWW with PS on VFA and methane production.

Fig. 6.2 presents the temporal evolution of total and soluble chemical oxygen demand (CODxot
and sCOD) during the 100-hour acidification tests of FJPWW and its co-fermentation with PS
at two mixing ratios (FJPWW+PS (97:3) and FIPWW+PS (90:10).
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Fig. 6.2. COD profile during acidogenic fermentation of FIPWW and FIPWW co-fermented with PS at varying
vol./vol. ratios.

The addition of PS increased CODyot due to the supplementary organic load introduced with
the sludge (Appels et al., 2008; Li et al., 2022). At the start of the experiment, the average
COD,t concentrations were 6470, 7510, and 7620 mg COD L™! for only FIPWW, FIPWW+PS
(97:3), and FIPWW+PS (90:10), respectively (Fig. 6.2). These concentrations were higher than
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the corresponding CODyo¢ values reported in Table C1 in the Supplementary Information (3504,
3804, and 4224 mg COD L, respectively) because Table C1 (Supplementary Information)
reports the CODyo¢ of the prepared feed mixtures (FJPWW and FIPWW+PS) before inocula-
tion, whereas the CODy values in Fig. 6.2 and Table 6.1 were measured after inoculum addi-
tion. The inoculum introduced particulate organic matter, thereby increasing the measured
CODyot at time 0 hours.

Table 6. 1.Influent and Effluent Characteristics of Substrates Used in the Acidogenic Fermentation Experiment
(average values, and standard deviations in brackets).

At the start of the fermentation experiment At the end of the fermentation experiment
Parameter Unit FJPWW FJPWW+PS  FJPWW+PS FJIPWW FJIPWW+PS FIPWW+PS
97:3) (90:10) 97:3) (90:10)
CODyot [gCOD L] 6.47 (0.46) 7.51 (0.08) 7.62 (0.06) 4.70 (0.14) 5.30 (0.06) 6.16 (0.06)
sCOD [gCOD L] 2.74 (0.15) 2.94 (0.06) 2.90 (0.04) 2.30(0.03) 2.45(0.01) 2.66 (0.1)
CODyy; re- [%] - - - 27.4 29.4 19.4
moval
pH [-] 6.0 6.0 6.0 7.51 (0.04) 7.51 (0.05) 7.35(0.21)
VFA [gCOD L] 1.83 1.78 24 2.55 3.13 2.86
Alkalinity ~ [gCaCOs L] 0.90 (0.0) 0.90 (0.0) 0.91 (0.0) 0.81 (0.0) 0.79 (0.0) 0.81 (0.0)

For all substrates, both CODxot and sCOD decreased rapidly within the first 7 hours. The most
pronounced declines were observed for FIPWW and FIPWW+PS (97:3), which may be at-
tributed to their higher initial solubility (85% and 76%, respectively) compared with the sub-
strate containing a higher PS fraction (67% for FIPWW+PS (90:10)). This rapid reduction in
both CODyt and sCOD indicates fast hydrolysis and acidogenesis, likely driven by the high
proportion of readily soluble organic compounds in FJIPWW (Owusu-Agyeman et al., 2020;
Rabii et al., 2019; Sun et al., 2021). Moreover, the concurrent decreases in CODyot and sCOD
are consistent with the conversion of carbohydrates, proteins, and lipids into VFAs and gaseous
products (e.g., CO2, H»), together with other intermediates, mediated by hydrolytic and fer-
mentative microorganisms (Chen et al., 2019; Di Maria et al., 2014; Laiq Ur Rehman et al.,
2019; Strauber et al., 2012).

After approximately 24 hours, sCOD remained relatively stable and comparable among the
three substrates within the variability indicated by the error bars (2295, 2450, and 2665 mg
COD L! for FIPWW, FIPWW and FIPWW+PS (97:3), and FIPWW+PS (90:10), respec-
tively; Fig. 6.2), suggesting no further solubilization of particulate and complex organic matter.
On the other hand, CODy exhibited a slight further decrease and subsequently remained rela-
tively stable, with comparable values when considering standard deviations and error bars.
Specifically, CODy declined from 5145, 6225, and 6600 to 4680, 5290, and 6165 mg COD
L™! for FJPWW and FIPWW+PS (97:3), and FIPWW+PS (90:10), respectively (Fig. 6.2). This
modest decline in CODy¢ may be attributed to the continued transformation of organic matter
into gases such as CO», Hz, and methane (CHs) (Chen et al., 2019; Di Maria et al., 2014; Laiq
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Ur Rehman et al., 2019; Strauber et al., 2012). However, gases were not measured during the
experiment.

Regarding the CODyot removal efficiencies, they ranged from 19.4% to 29.4% across the sub-
strates (Table 6.1). The CODyot and sCOD trends shown in Fig. 6.2, together with the CODyot
removal efficiencies reported in Table 5.1, are consistent with findings by Fuentes et al. (2021),
who reported low COD removal during beverage wastewater fermentation. Similarly, Lu et al.
(2019) noted that reductions in CODy may be limited under such conditions, as substrates are
primarily converted into gases (H2 and CO») and new biomass.

Overall, the first 7 hours were characterized by rapid hydrolysis and acidogenesis, resulting in
pronounced decreases in both sSCOD and CODyot. Thereafter, both parameters stabilized, indi-
cating limited additional conversion of organic matter under the tested conditions.

6.4.2. VFAs, pH and Alkalinity Profiles

Fig. 6.3A-F and 4A-B illustrate the temporal variations in the average concentrations of acetic,
propionic, butyric, iso-valeric, and valeric acids, total volatile fatty acids (TVFAs), pH, and
alkalinity during the 100-hour acidification test of FIPWW and its co-fermentation with PS at
two mixing ratios (FIPWW+PS (97:3) and FJIPWW+PS (90:10)).
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Fig. 6.3. Concentrations of acetic (A), propionic acid (B), butyric (C), Iso-valeric (D), Valeric (E), and total
VFAs (TVFAs) (F) during acidogenic fermentation of FJPWW and FIPWW co-fermented with PS at varying
vol./vol. ratios.
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Fig. 6.4. pH profile (A), and alkalinity profile (B) during acidogenic fermentation of FIPWW and FIPWW co-
fermented with PS at varying vol./vol. ratios.

Across all substrates, acetic acid, considered a favorable intermediate for subsequent methane
production (Srisowmeya et al., 2020), increased consistently over time (Fig. 6.3A). Concentra-
tions rose from 568, 506, and 570 mg HAc L' to 1065, 1118, and 1187 mg HAc L! for
FIPWW, FIPWW +PS (97:3), and FJPWW+PS (90:10), respectively. This monotonic increase
indicates effective acidogenesis with net acetate accumulation. However, potential conversion
pathways involving VFAs, CO», and H, were not directly assessed in this study, as gases were
not measured (Agrawal et al., 2023; Ramos-Suarez et al., 2021).

Iso-valeric acid reached peak concentrations within the first 24 hours (Fig. 6.3E), attaining 651,
694, and 471 mg L™! for FJPWW, FIPWW+PS (97:3), and FJPWW+PS (90:10), respectively,
before decreasing and subsequently stabilizing. A similar temporal pattern was observed for
butyric acid, which increased during the initial 24 hours and then gradually declined (Fig.
6.3C). Propionic acid increased during the first 7 hours for FIPWW and FIPWW+PS (97:3),
followed by a decrease and stabilization after 24 hours (Fig. 6.3B). In contrast, propionic acid
in FIPWW+PS (90:10), declined throughout the experimental period (Fig. 6.3B). The observed
reductions in iso-valeric, butyric, and propionic acids suggest further conversion and redistri-
bution among fermentation products, potentially contributing to acetate accumulation
(Agrawal et al., 2023; Ramos-Suarez et al., 2021). By comparison, valeric acid exhibited only
a slight increase over the test duration (Fig. 6.3E).

TVFAs increased markedly during the first 24 hours, from 1310, 1543, and 1897 mg L™! to
2449, 2441, and 2289 mg L™! for FJPWW, FIPWW+PS (97:3), and FIPWW+PS (90:10), re-
spectively (Fig. 6.3F). Thereafter, TVFAs decreased and stabilized for FJPWW. This decline
indicates limited net VFA accumulation during the later phase and may reflect further conver-
sion of VFAs into other products; however, potential methanogenic activity cannot be
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confirmed, as gas production was not measured. For the PS-amended substrates, TVFAs
showed a slight additional increase, suggesting continued conversion of more slowly biode-
gradable fractions into VFAs. Nevertheless, the magnitude of this increase was limited (ap-
proximately 8% for FIPWW+PS (97:3), and 1.4% for FIPWW+PS (90:10), indicating that PS
addition did not substantially enhance overall VFA accumulation This limited effect may be
related to the low PS volumes added and/or to the origin of the PS, which was obtained from a
primary settler of a MWWTP where FJPWW contributed to 50% of the daily inflow, poten-
tially diluting the composition of PS. A comparable late-stage increase in VFAs during co-
fermentation of organic waste with sewage sludge was reported by Owusu-Agyeman et al.
(2020).

The pH increased for all substrates from approximately 6.0 to 7.35-7.51 over the course of the
experiment (Fig. 6.4A). Alkalinity decreased slightly within the first 7 hours, from 901, 905,
and 911 to 834, 827, and 824 mg CaCOs L™! for FIPWW, FIPWW+PS (97:3), and FIPWW+PS
(90:10), respectively. Alkalinity then remained relatively stable until hour 52, followed by a
further decrease to 811, 791, and 808 mg CaCO3 L', respectively (Fig. 6.4B). The increasing
pH trend may be associated with the applied substrate-to-inoculum ratio (2 g COD g VS™),
combined with system buffering capacity and the release of alkaline compounds (e.g., ammo-
nia) during the biodegradation of nitrogen-containing substrates, as well as urea addition (Fang
et al., 2019). A similar pH increase at a comparable substrate-to-inoculum ratio (1.6 g COD g
VSS™1) was reported by Vergine et al. (2015) during fermentation of synthetic soft drink
wastewater.

In summary, the first 24 hours were characterized by rapid hydrolysis and acidogenesis, result-
ing in a pronounced increase in TVFAs. Thereafter, net TVFA accumulation was limited, in-
dicating minimal additional conversion of organic matter into VFAs under the tested condi-
tions. Overall, the addition of PS did not show a significant effect on VFA production compared
with FIPWW alone.

6.4.3. The Impact of Co-fermenting FIPWW with PS on VFA Composition

Fig. 6.5 illustrates the VFA composition at the end of the 100-hour acidification test of FJPWW
and its co-fermentation with PS at two mixing ratios (FJPWW+PS (97:3) and FIPWW-+PS
(90:10)).
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Fig. 6.5. VFA composition at the end of the acidogenic fermentation of FJPWW and FIPWW co-fermented with
PS at varying vol./vol. ratios.

No pronounced effect of PS addition on the overall VFA composition was observed at the end
of the co-fermentation test (Fig. 6.5). Across all substrates, acetic acid was the dominant com-
ponent, accounting for 51-57% of total VFAs, followed by propionic acid (15-26%), valeric
acid (8-13%), and iso-valeric and butyric acids (4—10%) (Fig. 6.5). This distribution suggests
that a broad spectrum of VFAs was produced under the tested experimental conditions. Alt-
hough final acetic acid concentrations were comparable among all substrates (1065-1187 mg
HAc L!; Fig. 6.3A), the relative share of acetic acid in FJPWW+PS (97:3) was 8—10% lower
than in FJPWW+PS (90:10). This slight difference is attributable to higher relative contribu-
tions of iso-valeric, butyric, and valeric acids in the FIPWW+PS (97:3) mixture (Fig. 6.5).
Variations in the relative proportions of individual VFAs are likely influenced by the specific
metabolic pathways prevailing during fermentation (Banu et al., 2020).

The observed VFA distributions of acetic (51-57%), propionic (15-26%), butyric (4-10%),
and valeric (8—13%) are consistent with values reported in previous studies using comparable
substrates. Similar ranges have been reported for synthetic soft drink wastewater (approxi-
mately 25-69% acetic, 5-10% propionic, and 7-45% butyric acids) (Vergine et al., 2015),
beverage wastewater (53%, 34%, 7%, and 6% for acetic, propionic, butyric, and valeric acids,
respectively), sugarcane molasses (approximately 50% acetic acid) (Silva et al., 2013), and
cassava wastewater (39-52% acetic, 16-24.6% propionic, 22.7-50.5% butyric, and 2.6-2.8%
iso-valeric acids) (Sanchez-Ledesma et al., 2024).

Overall, no significant impact of co-fermenting JPWW with PS was observed at the end of the
acidogenic co-fermentation test likely due to the low PS volumes added and/or the origin of
the PS from a primary settler of a MWWTP where FJPWW contributed to 50% of the daily
inflow, potentially diluting its composition.
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6.4.4. The Impact of Co-fermenting FIPWW with PS on DoA and VFA Yield

The degree of acidification (DoA) and VFA yield were used to better assess the impact of co-
fermenting different proportions of FIPWW and PS, as both indicators reflect fermentation
performance and product quality (Garcia-Aguirre et al., 2017; Huang et al., 2018; Ramos-Sua-
rez et al., 2021). While DoA reflects the extent of acidification, VFA yield (expressed as net
VFAs-COD produced per unit of influent volatile solids (VS)) provides complementary infor-
mation on substrate conversion efficiency.

Fig. 6.6A—B present the temporal evolution of DoA and VFA yield during the 100-hour acidi-
fication tests of FIPWW and its co-fermentation with PS at two mixing ratios (FIPWW+PS
(97:3) and FJIPWW+PS (90:10)).
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Fig. 6.6. DoA profile (A), and VFA yield profile (B) during acidogenic fermentation of FIPWW and FJIPWW
co-fermented with PS at varying vol./vol. ratios.
For all substrates, DoA increased sharply within the first 24 hours, reaching maximum values
of 33%, 31%, and 15% for FIPWW, FIPWW+PS (97:3), and FIPWW+PS (90:10), respec-
tively (Fig. 6.6A). This rapid increase indicates efficient fermentation of readily biodegradable
organic matter and overall good acidogenic performance. FJPWW+PS (97:3) exhibited com-
parable maximum DoA values (33% and 31%, respectively). In contrast, co-fermentation with
a higher PS fraction (FJPWW+PS (90:10)) resulted in the lowest maximum DoA (15%), indi-
cating that increasing PS content did not enhance acidification. This is an important observa-
tion, because TVFA concentration (Fig 6.3 A-F) and DoA describe different aspects of process
performance. While TVFA concentration indicates the amount of acids accumulated, DoA re-
flects the efficiency of conversion of substrate COD into VFAs. As a result, DoA may reveal
differences in acidification performance that are less evident when only VFA concentrations
are considered. This occurred despite the fact that co-fermentation at FJPWW+PS (97:3) and
FIPWW+PS (90:10) yielded COD:N:P ratios of 573.4:3.2:1 and 344:2.5:1, respectively, which
are closer to the recommended ratio for fermentation (350:5:1) (de Lemos Chernicharo, 2007)
compared with FIPWW alone (778:2.4:1). The reduced DoA observed for FIPWW+PS (90:10)
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is likely associated with the introduction of fibrous and particulate matter from PS, which is
less readily biodegradable (Azevedo et al., 2023; Hobson & Wheatley, 1993).

After 24 hours, DoA decreased to 17%, 24%, and 10% for FIPWW-+PS (97:3), and
FIPWW+PS (90:10), respectively, and subsequently remained relatively stable. This trend in-
dicates that acidification activity became limited beyond this point and suggests that a hydrau-
lic retention time of approximately 24 hours is sufficient to achieve maximum VFA production
under the tested conditions. Furthermore, the maximum DoA values observed at 24 hours (15—
33%) (Fig. 6.6A) were slightly lower than those reported for synthetic soft drink wastewater
(43.7-54.6%) (Vergine et al., 2015) and urban food waste fermentation (44-79%) (Yu et al.,
2021). These differences are likely attributable to variations in substrate characteristics. Nev-

ertheless, the obtained DoA values fall within the range generally considered favorable for
effective acidogenesis (20—40%) (Lettinga & Hulshoff, 1991).

Regarding VFA yield, a trend similar to that observed for the degree of acidification was iden-
tified. All substrates exhibited a sharp increase within the first 24 hours, reaching maximum
values of 0.89, 0.86, and 0.45 g nTVFA-COD g VS™! for FIPWW+PS (97:3), and FIPWW+PS
(90:10), respectively. These maxima indicate rapid fermentation of readily biodegradable or-
ganic matter and overall good acidogenic performance. FJPWW and 97% FIPWW + 3% PS
showed comparable peak VFA yields (0.89 and 0.86 g nTVFA-COD g VS™!, respectively). In
contrast, co-fermentation with a higher PS fraction (FJPWW+PS (90:10)) resulted in the lowest
VFA vyield (0.45 g nTVFA-COD g VS™!), suggesting that increasing PS content did not en-
hance VFA production. This lower yield is consistent with the reduced DoA (15%) observed
for this substrate and is likely associated with the introduction of fibrous and particulate com-
ponents from PS that are less readily biodegradable (Azevedo et al., 2023; Hobson & Wheatley,
1993).

After 24 hours, VFA yields declined to 0.30, 0.50, and 0.20 g nTVFA-COD g VS™! for
FIPWW, FIPWW+PS (97:3), and FIPWW+PS (90:10), respectively, and subsequently re-
mained relatively stable. This behavior indicates that acidogenic activity became limited be-
yond the initial 24 hours. The VFA yields obtained in this study (0.15-0.89 g nTVFA-COD g
VS™!) are comparable to those reported for food waste (0.48 g TVFAs-COD g VS™!) (Khatami
et al., 2021), co-fermentation of food waste with primary sludge (0.15 g TVFAs-COD g VS™)
(Min et al., 2005), and cassava wastewater (approximately 0.18-0.25 g TVFAs-COD g VS™')
(Sanchez-Ledesma et al., 2024), indicating stable acidogenic performance across the tested
substrates.

Overall, co-fermenting FJPWW with PS at the investigated volumetric ratios did not result in
a significant enhancement of VFA production. On the contrary, increasing the PS fraction led
to lower DoA and VFA yields.

6.4.5. The impact of Co-digesting FJPWW with PS on Methane Production

Fig. 6.7 presents the average BMP results of duplicate tests, including standard deviations,
expressed per gram of VS of substrate over a 120-hour incubation period for FIPWW and its
co-digestion with PS at two mixing ratios (FIPWW+PS (97:3) and FIPWW+PS (90:10)). The
test was terminated when methane production dropped below 1% of the cumulative methane
yield, following the criterion proposed by Zaman et al. (2010).
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Fig. 6.7. BMP of FJPWW and its co-digestion with PS at different vol./vol. ratios, expressed as methane yield
per VS mass.

Methane yield increased sharply within the first 24 hours for FIPWW and FJIPWW+PS (97:3),
whereas for the substrate with a higher PS content (FIPWW+PS (90:10)), a rapid increase was
observed within the first 10 hours (Fig. 6.7). This pronounced early increase for all substrates
indicates that readily fermentable sugars in FJPWW were efficiently degraded, resulting in
high biogas potential (Cremonez et al., 2021). Co-digestion of FIPWW with PS did not lead to
a significant enhancement in methane yield. After 24 hours, methane production stabilized and
remained comparable for FIPWW+PS (97:3), reaching cumulative yields of 504.3 and 504.5
N mL CHs4 g VS, respectively. Minor variations in methane yield observed after 24 hours
may be partly attributed to the low substrate volume used in the BMP tests (200 mL), which
could have influenced headspace pressure and gas measurement accuracy.

Increasing the PS fraction resulted in a slight reduction in methane yield (Fig. 6.7). For the
substrate with the highest PS ratio (FJPWW+PS (90:10)), methane production increased more
gradually and reached a lower maximum value of 483.7 N mL CH4 g VS™! (Fig. 6.7). This
behavior can be attributed to differences in the composition and biodegradability of the organic
fractions present in the substrates (Owusu-Agyeman et al., 2020), as well as to the higher con-
tent of fibrous and particulate matter introduced with PS, which is less readily biodegradable
(Azevedo et al., 2023; Hobson & Wheatley, 1993). In addition, PS has a substantially lower
methane potential (132.4 N mL CHs g VS™!) (Elsayed et al., 2016) compared with FIPWW
(504.3 N mL CHs g VS™"), which further explains the reduced methane yields observed with
increasing PS addition.

The methane yields obtained in this study were lower than those reported for the co-digestion
of food waste with mixed primary, secondary, and sewage sludge (595-899 NmL CH4 g VS™)
(Azarmanesh et al., 2020), likely reflecting differences in substrate composition and intrinsic
methane potential. In the present study, FIPWW is a highly readily biodegradable substrate,
which may have limited the scope for further increasing methane potential through PS addition
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in batch tests. Nevertheless, although the effect on methane yield was limited under the tested
conditions, PS may still be relevant in continuous systems, where its contribution to nutrient
supply, buffering capacity, and overall process stability could become more important over
longer operating periods.

Overall, co-digesting FJPWW with PS did not result in a significant improvement in methane
yield. On the contrary, increasing the proportion of PS in the substrate led to a slight reduction
in methane production.

6.5. Conclusions

Batch acidogenic fermentation tests were conducted at an S:I ratio of 2 g COD g VS™! and an
uncontrolled initial pH of 6. Biochemical methane potential (BMP) tests were then performed
at a substrate-to-inoculum ratio of 0.25 g COD g VS™! and 35 °C to evaluate the effect of adding
primary sludge from a municipal wastewater treatment plant (MWWTP) to fruit juice pro-
cessing wastewater at different volumetric ratios. The objective was to assess the impact on
VFA production and methane yield.

The results showed that the addition of primary sludge did not lead to a significant enhancement
in either VFA production or methane yield. Increasing the proportion of primary sludge re-
sulted in a reduction in the degree of acidification and VFA yield, as well as a slight decrease
in methane production. However, co-fermentation with primary sludge improved the COD:N
ratio of the substrate mixture.

To further elucidate the effects of co-fermentation and co-digestion of fruit juice processing
wastewater with primary sludge, future studies should investigate primary sludges from
MWWTPs with different proportions of industrial wastewater contributions, explore a wider
range of substrate-to-inoculum ratios, and evaluate the influence of controlled pH conditions.
In addition, continuous reactor studies should be conducted to assess whether primary sludge
could provide longer-term benefits in terms of process stability, nutrient balance, and buffering
capacity under prolonged operation.
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Chapter 7. Synthesis and Concluding Discussion

This chapter comprises three subsections. Section 7.1 synthesizes the key findings from Chap-
ters 4, 5, and 6. Section 7.2 outlines the scientific contributions of the thesis as a whole.

7.1. Synthesis of Key Findings

This thesis studied and investigated AD across three operational contexts and waste types: (i)
full-scale UASB treatment of source-separated black water (BW) and the co-digestion of BW
with food waste (FW), (i1) full-scale two-stage digestion of FJPWW using a homogeniza-
tion/acidification (hydrolysis/acidogenesis) tank followed by R2S reactors (acetogenesis/meth-
anogenesis), and (iii) controlled batch and BMP tests evaluating whether co-fermenting and
co-digesting FJPWW with PS at different vol./vol. ratios could increase VFA and methane
production. Across the three studies, performance was primarily assessed based on COD re-
moval and methane production.

In Chapter 4, the main focus was on the full-scale BW UASB which achieved efficient methane
production under both OLR phases, with the best overall removal performance at the lower
OLR (Phase 1). During Phase 1, the average OLR was 0.95 kg COD m= d™', COD removal
reached 88%, and the degree of methanization was 0.77 kg COD-CHa4 kg™ CODin. When the
OLR increased to an average of 1.5 kg COD m= d! in Phase 2 (higher OLR), COD removal
decreased to 72%. This decline was attributed to sludge washout, reflected by increased efflu-
ent COD and TSS. Despite reduced effluent quality, methanization remained high at 0.71 kg
COD-CHa4 kg™' CODiy, indicating that the biological capacity for methane production was sus-
tained even as solids losses reduced apparent treatment performance.

This interpretation is supported by the COD mass balance during Phase 2 (higher OLR), which
accounted for 69% of influent COD as COD converted to methane, while 28% was in effluent
and 3% was removed with wasted sludge. Together, these fractions indicate that, at higher
loading, solids washout largely explains the lower measured COD removal, even though me-
thane production remained high. Nutrient mass balances further showed that nutrients were
largely retained in the liquid phase, highlighting that the BW UASB system is suitable for
nutrient recovery. Specifically, the decanted effluent contained 92% of N and 82% of P in
soluble form, while the removed sludge accounted for only 2% of N and 18% of P. This distri-
bution aligns with the small fraction of material leaving as wasted sludge and indicates that, in
this configuration, nutrient management and recovery should mainly focus on the effluent
stream.

Acetotrophic activity measurements reported an SMA of 185.6 NmL CHs g VSS™' d', sup-
porting the conclusion that methane conversion remained high even when COD removal de-
creased due to washout-related effluent losses.

Co-digestion of BW with FW did not increase methane production, in contrast to Kamra-
vamanesh & Koko. (2024), who reported improved performance at a BW: FW VS ratio 0of 0.41,
and Wang et al. (2020), who applied a kitchen waste:BW ratio of 1:1 g VS g! VS. The lack of
enhanced methane production in the BW—FW co-digestion system (UASBrw+Bw) may be
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attributable to the unknown FW:BW mixing ratios, which could have adversely affected an-
aerobic digestion (AD) performance.

Although the BW UASB system showed effective performance in terms of COD removal, me-
thane production, and nutrient retention, and the full-scale UASB of BW is a suitable solution
for circular sanitation solutions, future research should investigate the microbial communities
responsible for hydrolysis to better understand sludge washout. In addition, removing sludge
from mid-height of the UASB reactor could be tested to evaluate its impact on sludge washout.
Finally, energy balances over longer operating periods could be conducted to further assess the
energy balance of the full-scale system.

In FJPWW system (Chapter 5), the full-scale two-stage configuration was designed to separate
hydrolysis/acidogenesis (the first stage) from acetogenesis/methanogenesis (the second stage).
In the first stage (homogenization tank) generated a VFA-rich intermediate wastewater, with a
VFA/sCOD of 38-41% and DoA values of approximately 21-25% across temperature group-
ings of 16-26°C. Temperature was reported as not significantly affecting COD removal or
DoA during pseudo—steady state periods. Stage 2 (R2S reactors) delivered high removal per-
formance (CODyo¢ dropped in the influent from 2902 to 349 mg COD L in the effluent; COD
removal 88.1%), accompanied by strong VFA conversion to methane (in the influent from
1082 to 69.2 mg HAc L' in the effluent) and stable operation, as indicated by a VFA/Alk of
0.07. Nevertheless, the effluent still required additional treatment before discharge, and TSS
removal in the second stage (acetogenesis/methanogenesis) was low (6.2%), which was at-
tributed to potential wash-out of solids. Similar to the BW UASB, the methanogenesis stage
could perform well biologically while a downstream polishing requirement remained, driven
by solids and/or residual COD highlighting the challenges of treating wastewater in full-scale
applications. Although the two-stage AD system showed stable and effective performance in
terms of DoA, COD removal, and methane production, the nutrient and alkalinity imbalance
of the incoming FJPWW needs to be managed, especially in the first stage (hydrolysis/acido-
genesis). One option is co-digesting with a substrate with high alkalinity and nutrient rich such
as PS or animal manure. In addition, other parameters such as F/M in the first stage could be
monitored to better understand the performance of this stage, given that temperature was the
most dominant variable parameter and did not have a significant impact on DoA and COD
removal in this stage. Moreover, the low TSS removal in the methanogenic reactors suggests
the need for parameters other than SMA to assess granular biomass quality, such as settleability
testing (e.g., cone test for 5 minutes), and for CFD studies to better understand the hydrody-
namics of the methanogenic reactors.

The full-scale two-stage FIPWW system (Chapter 5) identifies nutrient and alkalinity manage-
ment as an operational priority and suggests co-substrates such as PS as a potential solution to
improve the nutrient and alkalinity imbalances. The batch hydrolysis/acidogenesis and BMP
tests (Chapter 6) examined this hypothesis using defined vol./vol. mixing ratios (FJPWW
alone, 97:3, and 90:10 with PS). The first stage (hydrolysis/acidogenesis) was conducted for
100 hours, and the resulting supernatant was used as the substrate for the second stage (aceto-
genesis/methanogenesis) BMP test (120 hours). Under these controlled conditions, adding PS
did not increase VFA production or methane yield. Peak DoA occurred within ~24 hours (33%
for FIPWW; 31% for 97:3 FIPWW+ PS; 15% for 90:10 FJPWW+ PS), and peak VFA yields
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followed the same pattern (0.89, 0.86, and 0.45 g nTVFA-COD gVS™, for FIPWW, 97:3
FIPWW+PS, and 90:10 FIPWW+PS, respectively). Methane yields were essentially un-
changed at 97:3 FIPWW+PS relative to FJPWW alone (504.5 vs 504.3 NmLCHa gVS™) but
decreased for 90:10 FIPWW+PS (483.7 NmL CHa g VS™'). The slightly lower methane yield
at higher PS fractions was interpreted as potentially reflecting the introduction of less readily
biodegradable fibrous/particulate material. In addition, because FIPWW is already highly bio-
degradable, the potential for further increasing methane production through PS addition in
batch tests may have been limited given the low amount of added PS. Nevertheless, although
PS had a limited effect on methane yield under the tested conditions, it may still be relevant in
continuous systems, where its contribution to nutrient supply, buffering capacity, and overall
process stability could become more important over longer operating periods. Gas production
during the acidogenic phase was not measured; therefore, the fermentation pathways could not
be confirmed. Overall, the BMP tests showed that adding PS did not improve VFA production
or methane yield under the tested conditions. However, the results helped define when PS ad-
dition may or may not be beneficial for FJPWW co-digestion.

Together, the AD of BW and FJPWW show that reactor configuration, operational conditions
and constraints should be interpreted in relation to substrate characteristics. In the full-scale
BW UASB (35°C) (Chapter 4), methane conversion remained high, but overall treatment per-
formance became increasingly dependent on solids retention, as reflected by the reduction in
COD removal at higher OLR attributed to sludge washout. In the FJPWW system (Chapter 5),
the two-stage AD system promoted acidification in the first stage (hydrolysis/acidogenesis),
producing a VFA-rich intermediate, while the second stage (methanogenesis stage) converted
VFAs effectively to methane under stable conditions. However, this performance relied on
external nutrient and alkalinity management, and the system still required post-treatment for
COD removal and showed limited TSS removal in the second stage. Collectively, these full-
scale studies support a practical conclusion: stable methane conversion can coexist with resid-
ual effluent COD and/or solids, meaning that “good digestion” does not necessarily yield dis-
charge-ready effluent without attention to solids management and polishing requirements.
Moreover, it highlights the challenges in treating such substrates in full-scale applications.

A key role of the multi-scale approach adopted in this thesis is that it connects “what can be
isolated and tested” with “what happens in practice”. The full-scale results show system per-
formance and operational constraints (e.g., washout at higher OLR in a UASB; nutrient/alka-
linity management and solids behavior in a two-stage industrial wastewater system). The batch
and BMP experiments allowed the effect of PS addition to be tested under controlled mixing
ratios and retention times. In this study, adding PS at 97:3 and 90:10 improved the COD:N
ratio but did not increase VFA or methane yields. This may be because FIPWW is already
highly biodegradable, and the amount of PS added was relatively low. However, PS addition
should not be ruled out, as it may have a stronger role in continuous systems by supporting
nutrient supply, buffering capacity, and long-term process stability.

In combination, these findings support evidence-based decisions on which optimization routes
are likely to be beneficial, and which may introduce additional trade-offs.
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7.2. Scientific Contributions of the Thesis

Chapter 4 provides long-term, full-scale operational evidence for AD of BW in a novel full-
scale UASB system, including performance evaluation (COD removal and methane yield and
production) under two OLR regimes and COD, N, and P mass- and energy-balance outcomes.
The findings show that, in the full-scale BW UASB, methane production can remain high even
when COD removal declines at higher OLR due to sludge washout. Nitrogen and phosphorus
were maintained predominantly in soluble forms (NH4*-N and PO43-P), indicating that the
system can support methane production and resource recovery. The chapter also provides op-
erational recommendations for sludge removal at different heights (e.g., from the bottom and
mid-height). In addition, it proposes that future research should examine microbial communi-
ties to better understand substrate hydrolysis.

Second, Chapter 5 presents a long-term performance assessment of a full-scale two-stage AD
system treating FIPWW. Pseudo—steady-state periods were selected to link first-stage (hydrol-
ysis/acidogenesis) performance (DoA, COD removal, VFA production) with second stage
(acetogenesis/methanogenesis) performance (COD removal, VFA conversion, VFA/ALK, me-
thane yield, and production). The work provides operationally relevant evidence that high COD
removal during the second stage (acetogenesis/methanogenesis) may occur alongside limited
solids removal and a continued requirement for post-treatment. The findings also highlight
nutrient and alkalinity management as essential for stable operation with this type of
wastewater. In addition, the chapter proposes plant operation procedures, including measuring
the F/M ratio in the first stage (hydrolysis/acidogenesis) to better understand the main factors
affecting performance. Further recommendations include measuring the settleability of the
granular biomass and conducting CFD studies to better understand low TSS removal, sludge
washout, and the hydrodynamics of the methanogenic reactors.

Third, Chapter 6 evaluates a co-digestion strategy (PS addition) using a staged experimental
design (acidogenic fermentation followed by BMP) that explicitly links acidification metrics
(DoA, VFA vyield and composition) to methane potential outcomes. Notably, the results indi-
cate that, at the tested volumetric ratios and experimental conditions, PS addition did not in-
crease VFA production or methane yield, and that higher PS fractions reduced both acidifica-
tion metrics and methane yield. These findings directly inform the feasibility of PS co-feeding
as a performance enhancement strategy under comparable conditions.

Collectively, the thesis links full-scale performance constraints (washout, nutrient/alkalinity
management, and effluent quality requirements) with targeted experimental testing of an oper-
ational hypothesis, yielding an integrated evidence base that spans real-world system behavior
and controlled mechanistic evaluation.
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Chapter 8. Conclusions and recommendations for fu-
ture research

This chapter consists of two parts. The first part (Section 8.1) presents the overall conclusions
drawn from Chapters 4, 5, and 6, while the second part (Section 8.2) provides recommenda-
tions for future research.

8.1. Overall Conclusions

This thesis examined anaerobic digestion performance through three complementary studies
conducted across multiple bioreactors scales and configurations. Chapter 4 evaluated a full-
scale UASB treating source-separated blackwater using long-term operational monitoring over
130 weeks at 35°C, under two operating phases targeting two different organic loading rates.
The chapter also highlighted the performance of a 41 m? full-scale UASB reactor co-digesting
source-separated blackwater with food waste at two operating temperatures, 22.5 and 35 °C.
The evaluation included COD removal, methane production, COD, nitrogen, and phosphorus
mass balances, energy balance, and an acetotrophic SMA test. Chapter 5 evaluated a full-scale
two-stage anaerobic digestion system treating fruit juice processing wastewater using long-
term plant operational datasets to quantify the performance of each step in two-stage AD (hy-
drolysis/acidogenesis and acetogenesis/methanogenesis), including COD removal, methane
production, VFA production, degree of acidification, and microbial activity evaluation by SMA
testing. Chapter 6 evaluated whether co-fermenting and co-digesting fruit juice processing
wastewater with primary sludge at different volume to volume ratios improves VFA and me-
thane production, using controlled 100 hours batch acidification/fermentation (without gas
measurements) followed by BMP tests at 35°C (ended after 120 hours) using supernatant from
the acidification tests. This thesis examined AD performance through three complementary
studies conducted across multiple scales.

1. Conclusions from the Full-scale BW UASB performance evaluation:

a. The system achieved its best performance in the first phase (lower OLR) at an
average OLR of 0.95 kg COD m™ d!, reaching 88% COD removal and a
methanisation of 0.77 kg COD-CHa4 kg™! CODipn.

b. When the loading was increased to an average OLR of 1.5 kg COD m™> d,
COD removal decreased to 72% as a result of sludge washout, whereas methani-
zation remained high at 0.71 kg COD-CHa4 kg™' CODip.

c. The COD balance indicated that 69% was converted to methane, 28% was dis-
charged in the effluent, and 3% was associated with the removed sludge.

d. For nutrients, the decanted effluent contained 92% of N and 82% of P in the
soluble form of NH4"-N and PO4>-P, while the removed sludge accounted for
2% of N and 18% of P.

2. Conclusions from the Full-scale two-stage AD FIPWW performance evaluation:

a. The first stage (hydrolysis/acidogenesis) generated a VFA-rich intermediate,
with VFA/sCOD of 38-41% and a DoA of 21-25%. Operating this stage at
different temperatures (16—26°C) showed no significant effect on COD removal
or DoA during the analyzed periods.
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b. In the second stage (acetogenesis/methanogenesis). AD performance was high
and efficient, with CODyota1 decreasing from 2902 to 349 mg COD L' (COD
removal 88.1%) alongside substantial VFA removal (VFA as HAc from 1082
to 69.2 mg HAc L™). Process stability was maintained, as indicated by a
VFA/Alk of 0.07.

1. The methane yield was 0.277 Nm*CHa kg™ CODremoved, With an aver-
age methane content of 80%.
ii. Although COD removal was efficient, TSS removal was low (6.2%)
possibly attributed to sludge washout.
3. Conclusions from the potential of co-digesting fruit juice processing wastewater with
primary sludge:

a. Peak acidification was reached within ~24 hours. The maximum DoA values
were 33% (FIPWW), 31% (97:3 FIPWW+PS), and 15% (90:10 FIPWW+PS),
while the corresponding peak VFA yields were 0.89, 0.86, and 0.45 g nTVFA-
COD g VS, respectively.

b. Methane yields were comparable for FIPWW alone and FIPWW+PS (97:3)
(504 N mL CHa4 g VS™) but declined at 90:10 (483.7 N mL CHa g VS™).

c. Overall, within the tested conditions and ratios, adding PS did not improve ei-
ther VFA production or methane yield.

8.2. Recommendations for Future Research

e Forthe BW UASB in Chapter 4, strategies to limit sludge washout and improve effluent
quality during operation at higher OLR should be assessed by (i) removing sludge from
different heights (i.e., from the bottom and mid-height), (i1) investigating the microbial
communities responsible for hydrolysis, and (ii1) further characterizing the composition
and biodegradability of the residual soluble COD in the effluent.

e To improve and extend energy balance assessments for the BW UASB (Chapter 4)
beyond the studied period.

e For the full-scale two-stage FIPWW system in Chapter 5, to strengthen interpretation
of the first stage (hydrolysis/acidogenesis) performance by monitoring biomass (e.g.,
VS or other proxies) and operational ratios (e.g., F/M).

e To further examine solids behavior and the reasons for low TSS removal in the R2S
reactors (Chapter 5), as solids washout was identified.

e To evaluate nutrient and alkalinity management options for the first-stage hydroly-
sis/acidogenesis process in Chapter 5 beyond chemical dosing, including co-substrate-
based approaches.

e To apply computational fluid dynamics (CFD) to optimize internal hydrodynamics in
the methanogenic reactor, and conduct in-depth investigations of the microbial com-
munities in both stages to further refine operating conditions for these microorganisms.

¢ Building on the co-digestion experiments, the experimental matrix should be expanded
by testing primary sludge from WWTPs with different levels of industrial wastewater
contribution, applying different mixing ratios, widening the S:I ratios under controlled
pH, increasing the working volumes in the BMP tests, and operating a continuous pilot-
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scale plant to evaluate the impact of co-digesting fruit juice processing wastewater with
a substrate rich in alkalinity and nutrients. In future acidogenic fermentation experi-
ments, to measure gas production (H2/CO2/CHa4) during the acidogenic phase to clarify
pathways and close carbon balances that were not measurable in the current batch de-

sign.
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Fig. A.1. Blackwater System overview.

Table Al. Population Equivalent (PE) Estimation for RecoLab Based on Influent Loads and Flow (Using Jons-
son et al., 2005; Adapted from Gren, 2024).

Parameter Default values RecoLab PE

(Jonsson et al. 2005)  [kg/week]

[g/pe/day]

COD 71 429 860
BOD7 38 247 919
TS 71 260 522
TP 1.4 7.8 802
TN 12 83 957
FLOW 5 63.5 1815
Estimated pe - - 885
Number of pe used for mass - - 1088

balance in present work
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Table A2. Comparison of Default Per-Capita Loads and Present Work Values for Estimating Population Equiva-
lent (PE) and Flow per PE (Jonsson et al., 2005; Adapted from Gren, 2024)

Parameter Default values Present work PE Flow per pe
(Jonsson et al. [g/pe/day] [L peldl]
2005)
[g/pe/day]
COD 72.6 552.8 1088
BOD7
TS
TP 1.4 7.8 801
TN 12.5 82.3 944
Flow 6 63.3 1508
Flow per pe COD 8.3
Flow per pe P 11.3
Flow per pe N 9.6

Table A3. Weekly Mass Balance of Wet Mass, COD, Nitrogen, and Phosphorus: Average Values of the Main
Parameters (Standard Deviations); n = Number of Data Points Used to Calculate the Average and Standard De-
viation (Adapted from Gren, 2024).

Parameter Inflow Biogas Sludge Decantate Sum out- % outflow/in-
flows flow
Wet mass 63.3 (n=50) - 1023 62.3 (8.4) 53.3 100
[kg week!] (8.4) (n=26)
(153)
COD 553 n=47) 406 (n=40) 20 (n=10) 166 (n=36) 592 109
kg week™] 97) (95) ®) (80)
Nitrogen 82.6 (n=90) - 1.7 (n=10)  87.0 (n=32) 88.7 108
[kg week™] (12.0) (0.6) (20)
Phosphorus 7.85 (n=47) - 1.47 (n=10)  6.80 (n=33) 8.27 108
[kg week!] (1.61) (0.48) (1.23)

Table A4. Weekly Mass Balance Normalized to per-COD (72.6 gCOD pe! d!): average values of the main pa-
rameters (Adapted from Gren, 2024).

Parameter Inflow Biogas Sludge Decantate Sum out- % outflow/in-
flows flow
Wet mass 8.32 - 0 8 8 100
[kg pe' d']
COD 72.6 53 3 22 78 109
[g pe’d]
Nitrogen 10.8 - 0.2 11.4 11.7 108
[g pe'd]
Phosphorus 1.03 - 0.19 0.89 1.09 108
[gpe'd’]
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Table AS. Influent Characteristics Normalized to per-COD (72.6 g COD pe™' d): average values of the main
parameters (Adapted from Gren, 2024).

Parameter Present Values in
work Jonsson et
al. 2005
Wet mass 8.32 5
[kg pe' d]
COD 72.6 73
[g pe'd]
Nitrogen 10.8 12.5
[g pe'd]
Phosphorus 1.03 1.40
[gpe'd’]

Table A6. BW UASB energy calculations: average values of the main parameters (standard deviations); n =
number of data points used to calculate the average and standard deviation.

Parameter

Value

Temperature lift winter time - Feb/March [K]
District heating Energy usage winter time [kWh m]
Temperature lift summer time - May [K]
District heating Energy usage summer time [kWh m-)
Biogas production [m? biogas m™ blackwater]
Energy Biomethane kWh (65% methane)

Energy ratio Biomethane kWh/district heating KWh — winter
[KWh_methane kWh'!_heat]

Energy ratio Biomethane kWh/district heating KWh — summer
[KWh_methane KWh'! heat]

Primary energy factor district heating [-]
Primary energy factor biomethane [-]

Primary Energy ratio Biomethane kWh/district heating KWh —
winter [KWh_methane kWh'!_heat]

Primary Energy ratio Biomethane kWh/district heating KWh —
summer [KWh methane KkWh™! heat]

19.1 (n=30) (0.7)
48.6 (n=30) (6)
14.2 (n=30) (1.8)
30.6 (1=30) (2.0)
3
18.9

0.39

0.62

0.07

5.56

8.84
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Table A7. Operational parameters applied to UASB systems treating BW: average values of the main parame-
ters (standard deviations).

Parameter Unit Full-scale UASBsw Full-scale Lab- Lab-scale UASB Lab-  Lab-scale UASB!
(this study) UASBBw+rw scale septic tank® scale
(this study) UASB? UASB¢
Phasel Phase2 22.5°C 35°C UASB«1 UASBs2 Phase Phase 3
(OLR<1) (OLR=1.5) 1\
Operating [-] 56 74 49 33 136 52 52 ~7 ~4
weeks
Flow [m3 d1] 5.36 8.9 3.54 3.54 0.006" 0.007" 0.007" - -
(0.8) (0.9 (0.25) (0.25)
Reactor vol- [L] 50,000 50,000 41,000 41,000 50 200 200 5 5
ume
Tempera- [°C] 35 35 22.5 34.7 25 15 25 35 35
ture (0.03) (0.03) (0.4) (0.5)
HRT [d] 9.5 5.7 11.55 11.55 8.7 27-29 27-29 6.28 12
(1.4) (1.0) (0.68) (0.68) (1.0)
SRT [d] 75 56 - - 254 >365 >365 - -
(15) 26)
OLR [kgCOD 0.95 1.5 0.8 0.8 1.0 0.3-0.4 0.3-0.4 1.64 0.8
m> d!] (0.2) (0.45) (0.2) (0.2) (0.07)
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Appendix B. Supplementary material for Chapter 5

First-stage homogenization tank performance
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Fig. B.1. Temporal dynamics of COD, VFA, and pH in the first-stage homogenization tank of the two-stage an-
aerobic digestion plant. A) Influent and effluent COD concentrations. B) Effluent VFA concentrations expressed
as HAc. C) Influent and effluent pH.
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Fig. B.10. Relationship between hydraulic retention time (HRT) and VFA production in the homogenization
tank under different operating temperatures.
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Fig. B.11. Relationship between influent total COD and degree of acidification (DoA) in the homogenization
tank under different operating temperatures.
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Fig. B.16. Relationship between volumetric organic loading rate (OLR) and daily methane production in the
methanogenic reactors at different biomass masses.

4500 T

4000 +

3500 +

3000 T

2500 +

2000 +

Biogas [Nm?3/d]

1500 +

1000 +

500 +

® 5k-10k kg 10k-15k kg @>15k kg

y =-182,87x+5345,8
R?=0,5417

0,0

5,0 15,0
HRT [hr]
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Table B1. Operating conditions of the homogenization tank during 2019-2016 (average values and standard de-

viations).
Operating Inflow HRT Outflow OLR [kgCOD
temperature [m? d'] [hr] [m® d7] m3d']
16°C 2904 (604)  29.1(5.87) 2128 (945) 3.35(1.14)
(n=261) (n=260) (n=353) (n=260)
21°C 2627 (680)  32.6(8.25) 2267 (730) 3.18 (1.22)
(n=159) (n=161) (n=214) (n=158)
26°C 2632 (660)  33.3(8.28) 2167 (777) 3.06 (1.19)
(n=115) (n=114) (n=148) (n=113)

Table B2. Operating conditions of the EGSB/R2S reactors during 2019-2026 (average values and standard devi-

ations).
HRT OLR Inflow and out- Tempera-
[hr] [kg COD m™ d!] flow ture
[m’ d'] [°Cl
Value 17.0 4.77 (1.43) 2313 (603) 29.4 (2.15)
(5.62) (n=214) (n=547) (n=593)

(n=547)
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Appendix C. Supplementary material for Chapter 6

Table C1. Characteristics of Raw Substrates Used in the Fermentation and Co-fermentation Experiment. (aver-
age values and standard deviations).

Parameter Unit FIJPWW PS FJIPWW+PS  FJIPWW+PS Inoculum
(97:3) (90:10)
CODyotal [gCOD LM 3.5(0.0) 13.7(0.2) 3.8 (0.06) 4.2(0.1) 46.4 (0.5)
sCOD [gCOD LM 3.0 (0.0) 2.25(0.01) 2.9(0.0) 2.84 (0.02) 3.0(0.13)
TS [g TSLY 2.85(0.17) 9.8 (0.0) 3.1 (0.05) 3.5(0.06) 28.2(3.4)
VS [g VSL] 2.34 (0.0) 7.1 (0.02) 2.5 (0.06) 2.7 (0.01) 22.2(2.75)
VS/TS [%] 82.2 78.1 81.5 78.7 78.6
pH [-] 5.3(0.1) 5.52(0.3) 5.34 (0.1) 5.37(0.1) 5.77 (0.5)
VFA [gCOD LM 0.27 (0.0) 0.98 (0.0) 0.3 (0.0) 0.36 (0.0) -
Alkalinity [g CaCOs L] 0.25 (0.0) 0.41 (0.0) 0.26 (0.0) 0.28 (0.0) 0.76 (0.0)
TN [eNL" 0.01 (0.0) 0.3 (0.0) 0.02 (0.0) 0.03 (0.0) -
NH4"-N [gNL'] 0.003 (0.0) 0.04 (0.0) 0.004 (0.0) 0.004 (0.0) -
TP [gPL"] 0.004 (0.0) 0.1 (0.0) 0.006 (0.0) 0.012 (0.0) -
PO,>-P [gPL"] 0.0003 (0.0)  0.03 (0.0) 0.0004 (0.0) 0.0006 (0.0) -
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Appendix D. Operation of a pilot two-stage anaerobic digestion system

This appendix details the operation of a pilot-scale, two-stage anaerobic digestion system and
is structured into three sections. The first section defines the objectives of operating the pilot
system, the second describes the materials and methods applied, and the final section summa-
rizes the operational challenges and provides operational insights associated with running this
type of system.

D.1. The Aim

The aim of operating the pilot two-stage anaerobic digestion system is to evaluate the impact of co-digesting
fruit juice processing wastewater with primary sludge on VFA and methane production.

D.2. Methods and Materials
D.2.1. Substrate

Fruit juice processing wastewater was collected at the influent of the Bronzolo wastewater
treatment plant (North Italy), which receives this stream from a nearby fruit juice industry.
Samples were taken as grab (instantaneous) samples, and their characteristics are reported in
Table D1.

Table D1. Fruit juice processing wastewater influent characteristics.

Parameter Phase 1
sCOD [mg COD L] 2000-9700
COD1ot [mg COD L] 2200-10,000
pH [-] 4.5-12
VFA [mg HAc L-1] 10-160
Alkalinity [mg CaCO3 L] 10-200
TSS [mg TSS L] 300-600
Niot [mg N L] 4-11
Piot [mg P L] 1-6

D.2.2. Operation of the pilot-scale two-stage anaerobic digestion system

The two-stage anaerobic digestion pilot system comprised a storage tank (55.7 L) (Figures
D1 and D2) in which fruit juice processing wastewater was introduced daily and mixed with
urea and phosphoric acid for nutrient supplementation (nitrogen and phosphorus). The
wastewater was then pumped (flow rate of 4-8 L h!) to a homogenization tank (no tempera-
ture control) consisting of two compartments with a total volume of 20 L (Figures D1 and
D2). The first compartment was cylindrical (5.8 L) (Figures D1 and D2), continuously mixed,
and contained the microorganisms responsible for hydrolysis and acidogenesis. The second
compartment was trapezoidal (14.2 L) (Figures D1 and D2) and functioned primarily as a set-
tler, allowing solids to accumulate at the bottom. This compartment was equipped with a

Page | 140



level sensor that, upon reaching a defined level, triggered the pump to transfer wastewater
from the storage tank to the homogenization tank.

AY | 15.8L UASB

20L, acidification
" tank

/J\ Reactor
Effluent

External re-
Eal d s circulation
Reactor, 18.8|L

NN Qrump

storage tank
Influent Fruit Juice 40L

homogenization tank

Processing Wastewater
Mixer

el

—

|

Influent

Fig. D.2. Schematic of the pilot-scale two-stage AD system.

The homogenization tank supernatant was subsequently pumped (flow rate of 3.4 L h™!) to the
UASB reactor (18.8 L), which was operated with external re-circulation (50-100 L h!) of the
biogas reactor effluent to ensure effective mixing. The reactor was heated to maintain 35°C.
Biogas volume was measured using a ballon (17 L) connected to a meter, as shown in Figure
D1. Part of the effluent was discharged via a tube.

The two-stage anaerobic digestion pilot system was operated in 4 phases, each lasting 2-3
weeks. During the first three phases, the OLR (kg COD kg''VS) was progressively increased
for the UASB reactor, whereas it remained relatively comparable for the homogenization tank.
In the fourth phase, the pilot-scale two-stage system was converted into a pilot-scale single-
stage configuration by cancelling the homogenization tank. The operating conditions are sum-
marized in Tables D2 and D3.
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Table D2. Operating conditions of the homogenization tank.

Parameter Phase 1 Phase 2 Phase 3 Phase 4
OLR 0.5-2 0.5-2 0.5-2 -
[kg COD Kg''VS]
pH [-] 4.5-5.5 4.5-5.5 4.5-5.5 -
HRT [h] 16-24 16-24 16-24 -

Table D3. Operating conditions for the biogas production reactor.

Parameter Phase 1 Phase 2 Phase 3 Phase 4
OLR 0.1 0.25 0.5 0.25
[kgCOD Kg'VS]
pH [-] 6.8-7.2 6.8-7.2 6.8-7.2 6.8-7.2
HRT [h] 4.5-9 4.5-9 4.5-9 4.5-9

The biomass in the UASB reactor was granular biomass obtained from a full-scale EGSB re-
actor treating fruit juice processing wastewater at the treatment plant of Bronozlo. The VS of
the granular biomass varied between 80-90 gVS L', At the start of each phase, the reactor
content was completely emptied and replaced with new biomass from the full-scale EGSB
reactor at the Bronzolo plant.

D.3. Operational challenges and insights from running the pilot-scale two-stage anaer-
obic digestion system

The pilot-scale two-stage anaerobic digestion system showed effective performance in VFA
production in the homogenization tank (VFAs concentrations 500-1100 mg HAc L!). How-
ever, biogas was rarely measured due to undiscovered leakages in the UASB reactor. Biogas
was recorded only on the day of inoculation and the following day (volumes of 10-24 L of
biogas), after which no further biogas measurements were obtained. These measurements on
the inoculation day and the next day could potentially be attributed to biogas produced by the
granules and from substrates attached to them.

Leakages in the UASB reactor were assumed because bubble formation was evident, yet no
gas was collected in the gas meter ballon. In addition, COD removal was between 75-90% and
effluent VFAs were low (20-100 mg HAc L!), which indicated effective performance.

During the third phase (when OLR was increased to 0.5kg COD kg™ VS), only a minimal
amount of biogas was measured (< 2L). This indicated that at higher OLR there is higher biogas
production; however, effluent VFAs increased to higher than 400 mg HAc L' and pH values
went below 6.5.

During the last phase, the homogenization tank was removed because, in the previous phases,
flocculant biomass from the homogenization tank was often observed to be pumped into the
UASB, coinciding with a 30-40% decrease in VFA production in the homogeizantian tank. In
this phase, the UASB was observed to operate effectively at an OLR of 0.3 kg COD kg! VS,
achieving COD removals of 80-90%, although biogas production was still not measured. When
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the OLR was increased to 1 kgCOD kg™'VS, biogas production was measured (volumes of 5-8
L), but pH was lower than 6.5 and VFAs were higher than 400 mg HAc L.
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Appendix E. Experimental photos
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Fig. E.1. Sampling from the full-scale BW UASB.
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Fig. E.2. SMA test for BW samples.
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Fig. E.4. HPLC.
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Fig. E.6. SMA of granules from R2S reactors treating FIPWW using the AMPTS II® system.
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