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Summary

This PhD project is developed within the framework of the National Recovery
and Resilience Plan (PNRR) and is funded through the NODES project, an
innovative ecosystem designed to foster collaboration between research
institutions and industry. NODES is structured into seven thematic spokes, and
this research is carried out within Spoke 7, which focuses on the agri-food system,
with particular emphasis on sustainability, circularity, and innovation along the
supply chain.

In line with these objectives, this thesis investigates how agro-industrial
residues can be converted into renewable energy, with a focus on anaerobic
digestion and two-stage anaerobic digestion (TSAD). Large amounts of agro-
industrial waste are still underutilized, and improving their valorization can
support circular economy goals while increasing renewable energy production.

The study combines experimental work with process optimization and
preliminary techno-economic and environmental assessments. Following a
literature review on TSAD and digestate valorization, the application of TSAD to
fruit and vegetable waste (FVW) and jam wastewater (JWW) is explored. To
address the potential of hydrogen production, inoculum selection and thermal
pretreatment are first evaluated. Key operational parameters are then studied,
including substrate-to-inoculum ratio, organic loading rate, and reactor scale. The
results show that JWW can be successfully co-digested with FVW, improving
overall energy recovery. To extend the range of usable substrates, glucose-rich
residues from starch syrup production are also tested. They are evaluated both
alone and in combination with conventional feedstocks. The results highlight the
flexibility of TSAD in treating unconventional biomass streams. The research also
investigates process intensification strategies in TSAD, including thermophilic
conditions, biochar addition, and water reuse. Digestate valorization is assessed



through the extraction of humic-like substances, showing potential for additional
resource recovery.

A preliminary techno-economic analysis and life cycle assessment of a full-
scale TSAD plant identify key limitations, particularly low hydrogen yields and
high energy demand.

For substrates not suitable for dark fermentation, alternative single-stage
digestion strategies are explored. Animal-based waste, including primary sludge,
is tested in continuous systems. Strategies such as optimized feeding, hyper-
thermophilic hydrolysis, and bioaugmentation are applied. These improve
methane production but also reveal challenges in maintaining long-term microbial
stability.

Overall, the study shows that TSAD is a promising approach for biomass
waste valorization. It can enhance energy recovery and support circular systems.
Further optimization and scale-up are still required to improve performance and
feasibility.



Acknowledgment

This thesis is part of the project NODES which has received funding from the
MUR — M4C2 1.5 of PNRR funded by the European Union - NextGenerationEU
(Grant agreement no.ECS00000036).



I would like to dedicate
this thesis to my loving
parents



Contents

L. INErOAUCHION. ...ttt e 15
1.1 SUStAINabIlity ...ccveevieiiiiieiiiieeeee s 15
1.2 Green chemistry and green engineering ............cceeeveevveerveesreenveenneenn 16
1.3 Biomass waste as a renewable reSOUrce ...........cceevvereereenieneeneeneennenn 19

1.3.1 Biohydrogen production ............cccceeveeeiienieeiiienie e 21
1.3.2 Dark fermentation and anaerobic digestion ............ccceeceeecueeniennnnne 23
1.3.3 Two-stage anaerobic digestion ............ccceeveeeiieenieniiienieeiienieeieans 25
1.4  Digestate Management ..........ccceereeeruierueerieenieeniieereeseeeseeesieeeneesenes 44
1.4.1 Digestate composition and conventional utilization....................... 44
1.4.2 Liquid phase valorization...........c.cceecveeerieeeiieeenieeenree e eeee e 46
1.4.3 PhOSPROTOUS TECOVETY ...uvvieiiiieeiiieeiiieciieeeieeeiree e eevee e e s 49
1.4.4 Humic and fulvic acids ........ccceoieeiiiiiiiniiniiicceeeeeeeeee, 52
1.4.5 Solid phase valorization.............coceeeeveriineenienieneeeneeseeeeeeee 52
1.5 Am 0f the WOTrK......coiiiiiiiiiee e 57
RETETENCES ... 58

2. Two-stage anaerobic digestion of fruit and vegetable waste: optimization of
dark fermentation through thermal pretreatment and co-digestion with sugar-

TICH WASTEWALET «..eeeeeeeieeee et e e e e e et e e e e e e e e eeeaeeaeseeeeenaennaaas 73
2.1 INEFOAUCTION ..ot e et e e e e e e e e eeeaeaeeeeeeenanes 73
2.1.1 Fruit and vegetable waste management............coceveevueeeeneeniennene 73
2.1.2 Thermal pretreatments ........ocveeveeruieeiienieeieeniie e see e 74
2.1.3 Sugar source in dark fermentation ............ccceeeeeeviienieeiiienieeieenen. 75
214 GOl 76

2.2 Materials and mMethod ..........ooovvveviiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee e 77
2.2.1 Substrates and inoculum characterization..........eeeeeeeeeeeeeeeeeenaann... 77



2.2.2 Inoculum thermal pretreatment.............cccceeevierieeciienieeniienieeieeee. 77

2.2.3 Process setup and operative condition ...........ccceeeeveerveecirenveeneennnn. 77
2.2.4 General design of anaerobic digestion..........cccceeeveerveeiiienieeneennen. 79
2.2.5 Analytical methods and data elaboration...........c.cccccevevveeenieeenneen. 79

2.3 RESUILS ..ttt et ettt e 82
2.3.1 Characterization of inoculum and substrates ...........cc.cceceveeruennnene. 82
2.3.2 Role of the inoculum in dark fermentation............cccceeveenienenen. 84
2.3.3 Dark fermentation of fruit and vegetable wastes with jam
WASTEWALET ...ttt ettt et s e et e e bt e sateesbeeeabe e beesaneens 88
2.3.4 Two-stage anaerobic digestion of fruit and vegetable waste and jam
wastewater: dark fermentation .............cccoceeiiiiiiiiinienes 92
2.3.5 Two-stage anaerobic digestion of fruit and vegetable waste and jam
wastewater: anaerobiC digeStION .......c.uievuieriieiiieiie e 96
2.3.6 Comparison between single and two-stage anaerobic digestion of
fruit and vegetable Waste ...........cooeiiiiiiiiiiiee e 100
2.3.7 Influence of organic loading rate in the dark fermentation of fruit
and vegetable waste and jam WaSteWater ..........cccvevveeviierieeiienieereenee e 101

2.3.8 TSAD scale-up of fruit and vegetable waste and jam wastewater 105

RETETENCES ..ot e et 108
3. Two-stage anaerobic digestion of starch wastewaters...........ccccceeerveeernreennne. 111
3.1 INtrOAUCHION .. e eeaaee e 111
311 GOALu i e 113

3.2 Materials and method ...........ccceeeeiiiiiiiiiiciecce e 114
3.2.1 Substrates and inoculum characterization............c.ccceeevveeeveennnnen. 114
3.2.2 Inoculum thermal pretreatment............cccoeevveeriieeniieeeniieeiee e, 114
3.2.3 Process setup and operative condition ...........ccceeeeveeerveeenveennnen. 114

B3 RESUILS wevieiiieeeiieeee et et e e e e en 116
3.3.1 Characterization of inoculum and substrates...............ccceeveeneen. 116
3.3.2 Two-stage anaerobic digestion of starch wastewaters: dark
FETMENEALION. ...eoutiiiiieiie ettt ettt saaeeaneen 117
3.3.3 Two-stage anaerobic digestion of starch wastewaters: anaerobic
QIGESTION ..ttt ettt ettt et et e bt e st esbeesbeeenbeennaeensaens 122
3.3.4 Two-stage anaerobic digestion of fruit and vegetable waste and
starch wastewaters: dark fermentation ...........ccccceeeeieeriieencieencee e 125



3.3.5 Two-stage anaerobic digestion of fruit and vegetable waste and

starch wastewaters: anaerobic digestion............cccuevveeviienieeiienieeieesieeiens 129
RETETEICES ...cuveuiiiieieeeee et 132

4. Dark fermentation and anaerobic digestion applied to animal-based biomasses
....................................................................................................................... 133
4.1 Dark fermentation of cow manure and milk wastewater..................... 133
A.1.1 GOl e 135

4.1.2 Materials and method..........c.ccooeeviriiniininiieee e 135

4.1.3 RESUILS ...t 136

4.2 Mesophilic anaerobic digestion of primary sludge: impact of feeding
mode and post hyper-thermophilic hydrolysis process..........cccecveevvvereeeneenee. 140
A.2.1 GOAL.eeiiiieiieeee et 143

4.2.2 Materials and method...........cccooeevieiiiiieiiee e 143

4.2.3 RESUILS...cuiiieiiie ettt e e e e 145

4.3 Integration of Caldicellulosiruptor bescii into post-hyper-thermophilic
hydrolysis for enhanced anaerobic digestion of PS ..........ccccoeeviiiiieniieieennen. 152
A.3.1 GOl e 153

4.3.2 Materials and method.............coooueiiiiiiiiiiiniie 153

4.3.3 RESUILS ....eeeiieiieeeeeeee e 154
RETEIENCES ..o 157

5. Two-Stage Anaerobic Digestion of Fruit and Vegetable Waste Using Jam
Wastewater as a Sugar and Water SOUICe .........cccceeveieiiierieeiiienieeieerieeieane 161
5.1 INErOAUCLION ..ottt et et 161
5.1.1 Biochar as an additive in DF and AD ........ccccoeeviiviiiiniieiieeee, 161

S5.1.2 GOl e 163

5.2 Materials and method ...........cocooiiiiiiiiiiii 165
5.2.1 Substrates and inoculum characterization.............cccceevveeveenennne. 165

5.2.2 Inoculum thermal pretreatment............cccoeevveeerieeeniiieeniie e, 165

5.2.3 Process setup and operative condition ............cceeeeeeveenverieennnenne. 165

5.2.4 Humic acid eXtraction .........coceevuerierieenienienienieeienieenie e sieeseeennens 166

5.2.5 Analytical methods and data elaboration............ccecevervieneenennens 167

5.3 RESUILS .ottt 168



5.3.1 Characterization of inoculum and substrates.............ccccceeuveenneen. 168
5.3.2 Two-stage anaerobic digestion of FVW and JWW: evaluation of

thermal pretreatment for dark fermentation ..........ccccoceveeviniinininieneenne. 169
5.3.3 Two-stage anaerobic digestion of FVW and JWW: application of

biochar in anaerobic digeStion...........cccveeeruiieeiiieeciie et 173
5.3.4 Two-stage anaerobic digestion of FVW and JWW: evaluation of

biochar effect in dark fermentation .............ccocceoiiiiiiiniiiiiiieee, 176
5.3.5 Two-stage anaerobic digestion of FVW and JWW: effects of
biochar-amended DF on anaerobic digestion ............cccccuveviierieeniienveeneennen. 179
5.3.6 Thermophilic dark fermentation of FVW and JWW: evaluation of

DI0ChAT ETTECT ...c..ieiiiieiiieeie s 182
5.3.7 Humic acids Xtraction ...........cceeeeveeerieeeriieenieeeereeesireeeeneesnnns 185
RETETEINCES ...oeieiiieciie et saaeeens 188

6. Techno-economic and environmental assessment
....................................................................................................................... 191

6.1 INtrOAUCLION ..ottt st 191

6.2 Materials and methods .........cooeeriiiiiiieninieeeee e 192

6.2.1 Technological assesSMENt..........coccueeriieriieniieriieieeeeee e 192

6.2.2 ECONOMIC ASSESSIMENL .....evveniieniieiieiieieeitesieeieetesiee e eeesieesaeeneeas 193

6.2.3 Environmental analysis..........ccccevvuienieniiienieiiieieeeeee e 200

0.3 RESUILS ..cneiiiiiiiee e e 203

6.3.1 Design of process SCale-Up.......ccceeerveeeiieeniieeniieeniee e 203

6.3.2 ECONOMIC @NalySIS ...ccouvieiieiiiiiieeiiieiie ettt 215

6.3.3 Life cycle analysis .......ccocceeeiiiiieniieiieeieeee e 221
RETRIENICES ..ottt 228

7. CONCIUSION ...ttt ettt ettt ettt e e e et e e beeenbeenneas 231
APPENAIX A Lot 233
APPENAIX B .o e 239






List of Tables

Table 1.1 Waste biomasses are classified into four categories and for each
waste biomass physical, chemical, and biochemical compositions are reported.
The acronyms adopted are organic fraction of municipal solid waste (OFMSW),
total solids (TS), and volatile sOlids (VS). ...ccooevueeeiiiieiieeieeeeeeee e 30

Table 1.2 Examples of two-stage anaerobic digestion applied on the different
types of feedstocks under different operative conditions. The first part of the table
contains modo- digestion process conditions and yield. In the second part, co-
digestion processes are PreSENIEd. .............ccuouuceereueeieesieeeieiesieeieesieeiee e eeeens 41

Table 1.3 Pros and cons of nitrogen recovery techniques from digestate. .....48

Table 1.4 Pros and cons of phosphorous recovery techniques from digestate.

Table 1.5 Characteristics of char obtained through hydrothermal
carbonization (HTC) and pyrolysis (PY) in terms of process temperature, char
yield, char pH, % of fixed carbon, specific surface area (SSA), porosity, and

application. N.A =not available. .................ccccoecvuueeicueeeiirieeiieeeieeeieeeiee e 55
Table 2.1 Chemical and physical characterization of inoculum, fruit and
vegetable waste (FVW) and jam wastewater (JWW). ......cccceeveeveeeiveinoeeiieneeinnns 82

Table 2.2 Configurations tested across three experiments: (i) first, varying
inoculum thermal pretreatment, culture medium addition, and sugar source, (ii)
second, varying sugar source and adding FVW with A = FVW.JWW 19:1 (VS
basis) and B = FVW.JWW 5.67:1 (VS basis); (iii) third, varying FVW thermal
pretreatment And the S:I FALIO. ............cccveecvieeeiieeiieeeeie et 83

Table 3.1 Chemical and physical characterization of inoculum, fruit and
vegetable waste (FVW) and starch wastewaters (permeate, retentate and

QLIIEIIE). ...ttt et e e et e e st e e e ae e e e baeesaseeenaseeeaseeenreeans 116
Table 3.2 Configurations tested across two experiments: i) TSAD of the three
starch wastewaters and ii) TSAD of starch wastewater with FVW. ................... 117



Table 4.1 Chemical and physical characterization of inoculum, fruit and
vegetable waste (FVW), milk wastewater (MWW) and cow manure (CM). ........ 137
Table 4.2 Characterization of PS, CSTR 1, CSTR 2, HTH 1, HTH 2 during the
JOUY PRASES Of ThE PIOCESS. ...oocveeeieeeieeecieeecie e et ae e e e e saaeeeaaeeeaaeas 148
Table 4.3 Cellulose and hemicellulose content and removal in PS, CSTRI,
CSTR 2, HTH 1, Gnd HTH 2. ..ottt 151
Table 4.4 Methane yield, TCOD reduction, and VSS reduction in the control
CSTR 1 vs. C. Bescii CSTR 2 at different phases of the experiment.................... 156
Table 5.1 Examples of biochar applications in dark fermentation processes
and associated operating CONAILIONS. ..........cccveeeueeeeueeeiieeeiieeeieeenieeesreessaeeens 163
Table 5.2 Chemical and physical characterization of inoculum, fruit and
vegetable waste (FVW) and jam wastewater (JWW). ......cccoeveevoeiveeieenieeieene. 168
Table 5.3 Configurations tested across three experiments: (i) first, varying
inoculum pretreatment temperature in DF and application of BC in AD, (ii)
second, application of biochar in DF and AD performance and (iii) third,
application of thermophilic conditions in DF..............cccccoeevvevveeeceecienieereeens 169
Table 5.4 Humic acids (HA) yield expressed as g HA/ g dry mass digestate.

Table 6.1 Characteristics of fluids used in cooling and heating operations.193
Table 6.2 Relationships used in the evaluation of the total cost of productivity
Of A PLANL. ..ottt st 199
Table 6.3 Life Cycle Inventory (LCI). The data are referred to the FU. ...... 201
Table 6.4 Characteristics associated with FVW size reduction using a

SHPQAUCT . ...ttt 205
Table 6.5 Characteristics of dark fermentation digester and spherical vessel.
............................................................................................................................. 207
Table 6.6 Characteristics of absorption and stripping units employed for H>
ANA CO2 FECOVEEY. ...ttt ettt s 209
Table 6.7 Characteristics of anaerobic digester and spherical vessel. ........ 210
Table 6.8 Characteristics of absorption and stripping units employed for CH4
ANA CO2 FECOVEEY. ...ttt sttt sttt sttt st nae e 211
Table 6.9 Characterization of HA alkaline extraction system. ..................... 212
Table 6.10 Characterization of HA acid precipitation system....................... 213
Table 6.11 Characteristics of drum dryer employed for humidity removal
JHOME HA. ..ottt e e st e e st e e s e e e eabe e e naeesnseesnaeas 214
Table 6.12 Results of the calculation of capital costs associated with TSAD
and HA extraction PLANL. ..............c.c.ccccueveeiciieiiieiieieeie et 216



Table 6.13 Results of the calculation of operating costs associated with the

production of Hz, CO2, CHy GNd HA. .......c.cooeviiiiiiiiiiiieiineseeeeeeeee s, 219
Table 6.14 NPV, PBT and ROI values associated with TSAD and HA
EXIFACHION PIANL. ...ttt tte e e e st e e e e e e ses e e esaseeensaeenseeens 220

Table 6.15 The environmental evaluation of anaerobic digestion (AD), two-
stage anaerobic digestion (TSAD), and digestate conversion. The adopted
acronyms are Global warming (GW), Pyrolysis (PY), and Incineration (INC). FU
considered was 1 ton of substrate treated. ...............ccccoeevueecvecieeeceesrenieeereennnns 225

Table A.1 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 2.3.2..........ccceeueevueeveeseesceeenirenieenreenenes 233

Table A.2 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 2.3.3........cccccuvoeeiieiiieiieneeieee e 233

Table A.3 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 2.3.4........ccccuvceevoeniieiienieeiieee e 234

Table A.4 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 2.3.5......cc.ccceeeeevvueeeieiieenieeeireeieeereenenes 234

Table A.5 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 2.3.7......ccccccceeeeeeveeeeeeseenieeeireeeeeereenenes 234

Table A.6 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 3.3.2..........cccueceevoemieeiieesieeiieeeeeeees 235

Table A.7 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 3.3.3........cccccovevverienieeniniinieenenieneeenn 235

Table A.8 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 3.3.4..........cccoevcrvenieeniinienieenineneeaens 235

Table A.9 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 5.3.2..........cccoeeeveeeiveeniieeniieeniieeeieens 236

Table A.10 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 5.3.3.......ccccccvueevveeeiieeniieeniie e 236

Table A.11 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 5.3.4...........ccccevcvverveeniinoinieinicnieneeaens 236

Table A.12 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 5.3.5..........cccoevvrveniiniiniiniieninieneen 237

Table A.13 Chemical and physical characterization of digestates from the DF
configurations discussed in paragraph 5.3.0...........cccoueeevueeeeeeeeieeenieeeiieeeeieeens 237

10



List of Figures

Figure 1.1 Global warming potential of different technologies to produce

Figure 1.2 Scheme of one-stage and two-stage anaerobic digestion: in the
first case, waste biomass undergoes three degradation steps producing a mixture
of CHy and CQOy; in the second case the process is carried out in two reactors. in
the first, dark fermentation takes place producing a mixture of H> and CO: while
its residue is fed to the second reactor where, through methanogenesis, biogas is
PFOAUCEU. ...ttt et e e et e et e e s ta e e s e e e sas e e e eaaeeesaseeenseeens 26

Figure 1.3 Main parameters of dark fermentation and anaerobic digestion to
perform two-stage anaerobic digestion followed by digestate valorization and its
TNAITL DAVAIEGLETS. ....veeuvveeeieeeseeeesseeesseeasseeessseeasseeassseeassesasseeessessssseessssessnsseesnes 28

Figure 2.1 Results from the first experiment: a) biogas yield, b) H: yield, c)
CH; yield, d) CO: yield, e) composition of total biogas produced during dark
fermentation considering H>, CHy and CO:, f) pH value at day 0 and day 9. ...... 87

Figure 2.2 Results from the second experiment: a) biogas yield, b) H> yield, c)
CHy yield, d) CO: yield, e) composition of total biogas produced during dark
fermentation considering H>, CH4 and CO>, f) pH value at day 0 and day 7. ...... 91

Figure 2.3 Results from the first stage of the third experiment: a) biogas yield,
b) H> yield, c) CHy yield, d) CO: yield, e) composition of total biogas produced
during dark fermentation considering H>, CH4 and COy, f) pH value at day 0 and

(7 TSRS 94
Figure 2.4 Volatile fatty acids (VFAs) content in g/L in the four
CONFIGUIALIONS. ..ouveeeeeeeeeeeieeeeieeeeteeesteeestteeesaeessaeesssseessseeessseeennseeesseessseesnnes 96

Figure 2.5 Results from the second stage of the third experiment: a) biogas
yield, b) CHy yield, c¢) H> yield, d) CO: yield, e) composition of total biogas
produced during AD considering H>, CHy and COy, f) pH value at day 0 and day
2 ettt h et bt bt h e a et e b et e b e b bt a e ent et et e benbenaeeneene 99

11



Figure 2.6 a) Biogas yield between the application of TSAD or AD to
JWW FVW 2:1and JWW _FVW T 1:1, B) oo, 101
Figure 2.7 Results from the OLR investigation: a) biogas yield, b) H: yield, c)
CHy yield, d) CO: yield, e) composition of total biogas produced during dark
fermentation considering H>, CHy and CQO:, f) VFAs concentration in the three

CONFIGUIFALIONS AS /L. ..oooeveveeieeeeiieeeee et e e e e st e e sae e e aseeenseeens 104
Figure 2.8 Results from the first stage of the scale up investigation: a) biogas
yield, b) H yield, c) CHy yield and d) CO: yield................cccccccvvvenvenvencennnnnnn. 106
Figure 2.9 Results from the second stage of the scale up investigation: a)
biogas yield, b)CH4 yield, c) H> yield and d) CO: yield. ................cccoeveevvennen.. 107

Figure 3.1 Results from the DF of the first experiment: a) biogas yield, b) H>
yield, ¢c) CHy yield, d) CO: yield, e) composition of total biogas produced during
dark fermentation considering H,, CHy and CO:, f) VFAs concentration in the
three cOnfigurations S @/L. ..........coceccervuireiieeiiiniinieniineeeie ettt 121

Figure 3.2 Results from the second stage of the first experiment: a) biogas
yield, b) CHy yield, c¢) CO: yield and d) composition of total biogas produced
during AD considering Hz, CHy4 and COx.........cc..ccceeveiniiiniiaiiiniiniiciiceeeene 124

Figure 3.3 Results from the DF of the second experiment: a) biogas yield, b)
H> yield, ¢) CHy yield, d) CO: yield, e) composition of total biogas produced
during dark fermentation considering H,, CH4 and COy, f) VFAs concentration in
the Six CORfIQUIALIONS AS /L. ......ccocoueiviriiiiiiiiiiiiiieieeeee et 128

Figure 3.4 Results from the second stage of the second experiment: a) biogas
yield, b) CHy yield, c¢) CO: yield and d) composition of total biogas produced

during AD considering Hz, CHy and COnx..........c..cocueveeviniiniiiiniiniicnieneeans 131
Figure 4.1 Results from the DF: a) biogas yield, b) H> yield, c) CHy yield and
A) CO2 PIOLA. ...t 139

Figure 4.2 Experimental setup and schematic representation of the system,
featuring a 10 L CSTR connected to a 1 L hyper-thermophilic hydrolysis (HTH)
FOACIOF . ..ttt ettt ettt et e et e ettt e et e e et e e e st e e eabeeesabeessbeesnbeesneeenas 145

Figure 4.3 Performance of CSTRI1 and CSTR 2: a) CHy yield as L/gcopadded
and b) VFAs concentrations as mg/L.............c.cccccocevveeviennenieinennieneeseneeneenenn 147

Figure 4.4 Methane yield of CSTRI and CSTR 2 as L/gcopadded during phase
1,2,3,4,5, GNA 6 Of thE PFOCESS. ....ooeeeveeeieeecieeeee e 155

Figure 5.1 Results from the DF of the first experiment: a) biogas yield, b) H>
yield, c) CHy yield, d) CO: yield, e) composition of total biogas produced during
dark fermentation considering H>, CHy and COa, f) VFAs concentration in the
three CONfIGUIAtIONS AS /L. .......ccuoevueeeeieiieeiieieeieeee ettt 172

12



Figure 5.2 Results from the second stage of the first experiment: a) biogas
vield, b) CHy yield, c) H> yield, d) CO: yield, e) composition of total biogas
produced during AD considering H>, CHs and CO: and f) initial and final pH of
€ACIH CONFIGUIFALION. ...t te e ae st e e e e s aseeesaseeeaseeenseeens 175

Figure 5.3 Results from the DF of the second experiment: a) biogas yield, b)
H> yield, ¢) CHy yield, d) CO:; yield, e) composition of total biogas produced
during dark fermentation considering H>, CHy and CQOo, f) VFAs concentration in
the five cONfigurations as @/L...........cccoccouevoueecuienieeiiiesieeeieeeie ettt 178

Figure 5.4 Results from the second stage of the second experiment: a) biogas
vield, b) CHy yield, c) H> yield, d) CO: yield, e) composition of total biogas
produced during AD considering H>, CHs and CO: and f) initial and final pH of
€ACH CONFIGUIALTION. ...ttt ettt ettt e 181

Figure 5.5 Results from thermophilic DF: a) biogas yield, b) H yield, c) CH4
yield, d) CO: yield, e) composition of total biogas produced during dark
fermentation considering H>, CHy and COa, f) VFAs concentration in the three
CONfIGUTALIONS AS /L. ..oocevveieeeiieieee ettt nenes 184

Figure 5.6 ATR-FTIR transmittance spectrum of powered HA extract. ....... 187

Figure 6.1 Profitability diagram as a function of production intensity
modified from Janjic¢ et al. (2010). .......coocoueeveeecuiaciieeiieiieeieeeee e 194

Figure 6.2 Process flow diagram for two-stage anaerobic digestion process
and humic ACidS eXIFACHION. ............ccceeeeeieieiieeiee ettt 204

Figure 6.3 Distribution of plant equipment Costs. ..........c.cccocevveeeeeneenennenn. 215

Figure 6.4 Distribution of direct operating costs associated with the
production of Hz, CO2, CHy and HA. ..........ccccocueviiiiiniiiiiiiiiiiiiicnieseeeeeee 217

Figure 6.5 Distribution of Total Costs divided in Total Direct Manufacturing
costs, Total Fixed Manufacturing costs and Total General Manufacturing costs.

............................................................................................................................. 218
Figure 6.6 Environmental impact, expressed as kg CO: eq/FU associated with
TSAD and HA extraction PLanL. ...............ccoeeeeceeioeieiieiiieieeee ettt 223

Figure 6.7 Environmental impact, expressed as kg CO: eq/FU associated with
TSAD and HA extraction plant without considering a CH4 purification unit. ....224

13



Abbreviation list

AD, Anaerobic Digestion

BC, Biochar

BEP, Break Even Point

BMP, Biochemical Methane
Potential

BOD, Biological Oxygen
Demand

C, Carbon

CAS, Cow-Agricultural Sludge

CM, Cow Manure

C/N, Carbon-to-Nitrogen

COD, Chemical Oxygen
Demand

CSTR, Continuous Stirred-Tank
Reactor

DF, Dark Fermentation

DPS, Digested Primary Sludge

FA, Fulvi Acids

FC, Fixed Costs

HA, Humic Acids

FVW, Fruit and Vegetable
Waste

HRT, Hydraulic Retention Time

HTH, Hyper-Thermophilic
Hydrolysis

I, Inoculum

JWW, Jam Wastewater

LCA, Life Cycle Analysis

MWW, Milk Wastewater

N, Nitrogen

14

NPV, Net Present Value

OFMSW, Organic Fraction of
Municipal Solid Waste

OLR, Organic Loading Rate

P, Phosphorous

PBT, Payback Time

PS, Primary Sludge

ROI, Return on Investment

S:I, Substrate-to-Inoculum

SCOD, soluble COD

SN, Soluble Nitrogen

TEA, Techno-Economic
Assessment

TC, Total Costs

TCOD, Total COD

TRL, Technology Readiness
Level

TN, Total Nitrogen

TS, Total Solids

TSAD, Two-Stage Anaerobic
Digestion

TSS, Total Suspended Solids

UASB, Upflow Anaerobic
Sludge Blanket

UASR, Up-flow Anaerobic
Staged Reactor

VC, Variable Costs

VFAs, Volatile Fatty Acids

VS, Volatile Solids

VSS, Volatile Suspended Solids



Chapter 1

1. Introduction

The material presented in this chapter has been published in the article:
Gaia Mazzanti, Francesca Demichelis, Debora Fino, Tonia Tommasi,
“A closed-loop valorization of the waste biomass through two-stage

anaerobic digestion and digestate exploitation”
Renewable and Sustainable Energy Reviews, Volume 207, 2025, 114938,
ISSN 1364-0321, https://doi.org/10.1016/j.rser.2024.114938.

1.1 Sustainability

The concept of sustainability has gained increasing relevance in recent years;
however, defining it in a single, universally accepted manner remains challenging.
According to the Oxford English Dictionary, the term sustainable refers to
something that can be maintained over time. Although this definition appears
broad, its significance becomes clearer when sustainability is considered within
the framework of interactions between human activities and natural systems. In
this context, sustainability addresses the impacts of anthropogenic pressures on
the environment and promotes the development of technological solutions that
minimize negative effects while avoiding the replication of unsustainable
practices adopted in the past.

In recent decades, natural ecosystems have undergone profound changes,
accompanied by a growing number of environmental challenges that threaten not
only ecological stability but also the social and economic structures that support
modern  societies.  Sustainability, therefore, integrates three strongly
interconnected dimensions (environmental protection, economic viability, and
social equity) that must be addressed simultaneously. Several studies have
identified key objectives within this framework, including the long-term support
of human populations, the sustainable management of biological and agricultural
resources, the stabilization of population growth, the reduction of economic
imbalances, the promotion of decentralized production systems, and the
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preservation of environmental quality and ecosystem functionality. From an
engineering perspective, the goal of sustainability is the long-term maintenance of
human societies while ensuring a quality of life that extends beyond basic survival
and includes access to energy, materials, and services. Achieving this objective
requires the protection of the environmental systems that support life on Earth,
alongside the implementation of infrastructures and technologies capable of
producing goods in a manner compatible with ecosystem conservation and
resource regeneration (B. J. Brown et al. 1987).

Environmental preservation plays a central role in sustainable development.
Historically, human progress has relied on the extensive exploitation of natural
resources to improve living conditions. Over the past century, technological
advancement and industrial growth have been largely driven by the widespread
use of fossil resources, including oil, natural gas, and coal, which remain the
dominant sources of global energy. These resources, however, were formed over
geological timescales and have been depleted at a rate far exceeding their natural
regeneration. In addition to their finite availability, fossil resources contribute
significantly to disturbances in the global carbon cycle. Their use in combustion
processes releases large quantities of carbon dioxide into the atmosphere,
increasing greenhouse gas concentrations and intensifying the greenhouse effect,
which in turn leads to global warming. Fossil fuels therefore, present two major
limitations: their rapid depletion and their contribution to climate change through
carbon cycle imbalance.

These issues raise a fundamental question central to sustainable process
engineering: is it possible to replace fossil resources with alternatives that
regenerate on timescales compatible with consumption and that do not exacerbate
greenhouse gas emissions?

One promising pathway involves the production of energy carriers, fuels, and
chemical compounds from renewable biological feedstocks, such as plants and
photosynthetic microorganisms. Ideally, these feedstocks should exhibit high
growth rates, low water and nutrient requirements, and compatibility with existing
biological conversion technologies (Saracco 2017). In this context, organic waste
streams represent particularly attractive resources, as their valorization
simultaneously addresses waste management challenges and renewable energy
production.

1.2 Green chemistry and green engineering

Sustainability is often closely associated with complementary concepts aimed
at environmental protection, most notably green chemistry and green engineering.

Green chemistry was formally introduced in 1998 by Paul Anastas and John
Warner in their seminal work Green Chemistry: Theory and Practice. It
represents an ethical and scientific approach that, through a set of guiding
principles, directs the chemical industry toward reducing or eliminating the
generation and use of hazardous substances in the design of chemical products
and processes. In close analogy with the broader concept of sustainability, the
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primary objective of green chemistry is environmental protection through
prevention, achieved by promoting the synthesis of safer chemicals and the
adoption of environmentally benign reaction pathways.

In addition to minimizing toxicity, green chemistry also aims to improve

energy efficiency by optimizing process performance, which in turn is often

associated with reduced operational costs. The framework of green chemistry is
structured around twelve fundamental principles that provide practical guidance
for sustainable chemical design:

1.

Prevention: as stated by Benjamin Franklin, “An ounce of prevention is worth
a pound of cure.” In chemical processing, avoiding waste generation
eliminates the need for treatment and disposal and reduces safety
requirements, resulting in simpler and more cost-effective processes. The
prevention principle is directly implemented by treating organic residues
through Dark Fermentation (DF) and Anaerobic Digestion (AD). By
converting these residues into H, CH4, and intermediate compounds, the
process exploits waste-biomass that would otherwise require disposal or
energy-intensive treatment.

Atom economy: synthetic methods should maximize the incorporation of all
materials into the final product, thereby minimizing waste generation and
unnecessary reaction steps.

Less hazardous chemical syntheses: chemical routes should be designed to
reduce or eliminate the use and generation of hazardous substances, favoring
safer alternatives whenever possible. The design of less hazardous chemical
processes is intrinsically satisfied in AD and DF systems, which operate in
aqueous environments and do not require toxic reagents or aggressive
solvents.

Designing safer chemicals: chemical products should be effective while
minimizing toxicity, achieved by modifying molecular structures to remove
harmful functional groups without compromising functionality.

Safer solvents and auxiliaries: the use of solvents and auxiliary substances
should be avoided or minimized, and when necessary, non-toxic alternatives
should be employed.

Energy efficiency: processes should be designed to minimize energy
consumption and environmental impact, for example, through energy
integration strategies. The mild operating conditions typically employed in
biological processes, such as mesophilic or thermophilic temperature ranges
and atmospheric pressure, contribute to energy efficiency, another key
objective of green chemistry.

Use of renewable feedstock: renewable raw materials should be preferred
whenever technically and economically feasible, alongside the recycling and
reuse of non-renewable resources such as metals. In this thesis, all substrates
investigated originate from biomass residues with regeneration times
compatible with their consumption rates. This approach minimizes the need
for additional feedstock and reduces reliance on fossil-based energy sources.
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8. Reduce derivatives: unnecessary derivatization steps should be avoided, as
they often generate additional waste and require extra reagents.

9. Catalysis: catalytic reagents are preferred over stoichiometric ones, as they
reduce material consumption, enhance reaction rates, and improve selectivity.

10. Design for degradation: chemical products should break down into innocuous
substances after use and not persist in the environment.

11. Real-time analysis for pollution prevention: continuous monitoring enables
early detection of hazardous by-products and timely adjustment of operating
conditions.

12. Inherently safer chemistry for accident prevention: using less hazardous
substances reduces the risk of releases, explosions, and fires.

The core philosophy of green chemistry, therefore lies in reducing risks at the
design stage rather than mitigating damage after it has occurred. This preventive
approach avoids hazardous substances and processes that are often associated with
higher disposal and safety costs. However, while green chemistry focuses strongly
on hazard reduction, it does not explicitly address the overall environmental
impact of chemical processes.

This gap is addressed by green engineering, an ethical and technical approach
also structured around twelve principles, specifically developed to reduce the
environmental and health impacts of chemical and industrial systems. Green
engineering acknowledges that risk, defined as a function of hazard and exposure,
is inherent to chemical production, and therefore emphasizes its control and
minimization rather than its complete elimination. Based on this assumption, the
twelve principles of green engineering were formulated:

1. Inherent rather than circumstantial: processes should be designed so that
material and energy inputs and outputs are intrinsically less hazardous,
minimizing risks to both people and the environment.

2. Prevention instead of treatment: waste generation leads to additional
processing steps, reagent consumption, and energy use, making waste
minimization a critical design objective.

3. Design for separation: developing efficient separation techniques can
significantly reduce material and energy consumption, as separation often
dominates process costs.

4. Maximize efficiency: inefficiencies frequently arise from excessive use of
time, space, materials, and energy; smaller, well-optimized systems
operating under mild conditions often offer superior performance. AD
efficiency is achieved through the selection of operating parameters such
as organic loading rate (OLR) and hydraulic retention time (HRT), which
are optimized to balance microbial activity, gas production, and process
stability.

5. Output-driven design: production systems should be designed based on
desired outputs and demand, avoiding overproduction and excessive
resource use.

6. Conserve complexity: reusing complex materials is often more energy-
efficient than breaking them down into simpler components unnecessarily.
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7. Durability rather than immortality: products should be designed for a
defined service life, followed by recycling or reuse, as excessive
persistence poses environmental risks.

8. Minimize excess: overdesign should be avoided by tailoring system
capacity and flexibility to actual operating requirements.

9. Minimize material diversity: reducing material complexity facilitates
assembly, recycling, and reuse across multiple applications.

10. Integrate material and energy flows: a holistic view of processes enables
internal reuse and optimization of material and energy streams.

11. Design for commercial end of life: modular design allows recovery and
reuse of components even if the primary product reaches the end of its life
prematurely.

12. Renewable rather than depleting resources: the origin of raw materials is
fundamental to sustaining natural cycles, and renewable resources should
be prioritized whenever possible.

Together, green chemistry and green engineering form the foundation of a
technological transition aimed at reducing environmental and human health
impacts using renewable resources and sustainable process design. These
principles were central to the development of this thesis. By employing agro-
industrial biomass waste as feedstocks for new processes, the system was
designed to be as simple as possible, to minimize solvent use, and to incorporate
recirculation strategies to reduce waste (Marteel-Parrish and Abraham 2013).

1.3 Biomass waste as a renewable resource

As mentioned before, the energy economy is facing the depletion of fossil
fuels, which are essential in the production of chemicals and energy carriers
(Gawel Sotowski 2018). Moreover, the massive exploitation of fossil resources
contributes to the greenhouse effect. Renewable resources could partially replace
fossil ones by providing energy supplies in a lower environmentally impactful
way (Shanmugam et al. 2021). Intergovernmental Panel on Climate Change
(IPCC) of the United Nations (UN) elaborated statistical data on CO» equivalent
emitted per kilowatt hour of electricity options (Schlomer et al. 2014). From this
study, based on life cycle analysis (LCA), it is evident how renewable energy
production is associated with lower CO> equivalent emissions compared to fossil
fuels, as shown in Figure I1.1. However, renewable energy systems are not always
the lowest-impactful solution in terms of emissions. As illustrated by Amponsah
et al. (2014), biomass-based technologies can emit a high quantity of CO>
equivalent/kWh depending on biomass type, the treatment chosen, and boundaries
considered in LCA. Sustainable and renewable are not synonyms because, as
demonstrated before, there are lots of variables to consider in sustainability
analysis, which should be contextualized in the specific case study.
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Figure 1.1 Global warming potential of different technologies to produce energy.

Among renewable resources, waste-biomasses represent a feasible and carbon-
neutral alternative to fossil fuels according to circular economy pillars, since they
can be employed to produce both high- added value chemicals products and bio-
energy by developing the waste management systems in agreement with the
Waste Framework Directive 2008/98/EC of the European Parliament and of the
Council (Gawet Sotowski et al. 2020; European Council 2008). Waste-biomasses,
which are the organic fraction of industrial, agricultural, and urban waste, present
environmental, economic, and social issues. From an environmental perspective,
they are often subjected to improper management which can cause the release of
greenhouse gases emissions, contaminants, and odors depending on their
composition. From an economic point of view, waste-biomasses management
represents a cost, while from a social perspective waste-treatment plants, and
disposal sites are considered not safe and consumed edible areas.

The exploitation of waste-biomasses as secondary -raw materials to produce
bio-energy converts them from problem to resource, by enhancing their life cycle
according to bioeconomy principles (Geisendorf and Pietrulla 2018). From waste-
biomasses, different types of second-generation biofuels could be produced as
biodiesel, biogas, bioethanol, and biohydrogen.

Among them, hydrogen has gained interest as both a fuel and a chemical. It is
considered a promising fuel because of its high heating value (~120 kJ/g) and low
density while it is a key reagent in several production processes like ammonia,
methanol, and oils. However, it presents a low boiling point which imposes the
storage of the gas at very high pressure to avoid losses (Gawel Sotowski 2018). In
addition, hydrogen is not a source ready to use as it is often generated from
natural gas. The conventional processes associated with hydrogen production are
steam reforming of methane or hydrocarbons, noncatalytic partial oxidation of
fossil fuels, autothermal reforming, and coal gasification. The raw materials
employed in these conventional techniques are non-renewable and do not observe
sustainability principles. Hence, to overcome the global crisis concerning the
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depletion of fuels and climate change, an alternative approach is necessary.
Among the alternative approaches, the development of methods that use
renewable resources as waste biomass may contribute to the satisfaction of the
global hydrogen demand (Habashy et al. 2021).

In 2021, Italian government approved the “National Recovery and Resilience
Plan” (PNRR), a program containing measures against the economic collapse
caused by the COVID-19 pandemic. The plan is part of the Next Generation EU
(NGEU) program which is associated to a fund of 806.9 billion € for the
transformation of economies and society to make Europe a healthier and greener
continent. Italy gathered these goals in two words: recovery and resilience. The
first one refers to the willingness to create occupation, invest in healthcare and
school, and improve the quality of work; the second one stands for the
reinforcement of the ability to respond to economic, social, and environmental
shocks and changes in a fair, sustainable, and inclusive way. The PNRR consists
of four missions. Among them, Mission 2 concerns the ecological transition of
Italy in terms of improvement of waste recycling, protection of waste resources to
produce renewable energy, construction of more efficient private and public
buildings, and support for research on the use of hydrogen in industry and
transport. The second and the latter points confirm once again the central role of
hydrogen generated from biomass wastes. Italy allocated a fund of 23.78 billion €
for the development of innovative techniques aimed at the ecological transition
which affects energy and chemical production (“Italia Domani, Il Piano Nazionale
Di Ripresa e Resilienza” 2021).

1.3.1 Biohydrogen production

The most effective routes for biohydrogen production from biomass include
thermochemical processes, such as pyrolysis, and electrochemical approaches, as
well as biological pathways, including biophotolysis, dark fermentation, and
photofermentation.

In pyrolysis, organic materials are subjected to heat in the absence of oxygen
to obtain high-value energy products. Three products are generated from the
degradation of biomass: biochar, a solid with a high content of carbon; a liquid
fraction called bio-oil, composed of oxygenated compounds and condensed gases;
a non-condensable fraction rich mostly in CO and H» and a small quantity of COx,
H>0, N, and light hydrocarbons (Sharma et al. 2015; Jahirul et al. 2012).
Compared to biological processes, thermochemical ones require a temperature
between 400 and 500 °C to achieve a high yield in H> (J. Z. Zhang 2014). This
requirement is associated with a high energy demand. Pyrolysis is an endothermic
process, which makes it energetically costly and more complex in terms of
equipment design and operating conditions (Aziz et al. 2021).

Among electrochemical techniques, microbial electrolysis is the most
discussed in the literature. In an electrochemical cell, biomass is deteriorated by
bacteria to release CO., protons, and electrons. Bacteria, which are in the anodic
compartment with culture medium, fix electrons to the anode. They arrive at the
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cathode through an external wire where they generate hydrogen reacting with
protons. The latter ones reach the cathode passing through a membrane. The
oxidation of organic matter is not spontaneous, hence voltage should be applied to
ensure charges motion. The energy input should be 0.123 V which is considerably
lower compared to the redox potential necessary in water electrolysis. However,
this technique is the coupling of two opposite processes: on one hand the solution
should be conductive to let charges move; on the other hand, high conductive
solution is not the ideal environment for the growth of bacteria which needs a
neutral pH and rich media. For this reason, scaling up the process is challenging,
and its feasibility as an industrial technology remains uncertain (Rousseau et al.
2020). Moreover, the efficiency at an industrial scale remains limited, and the use
of platinum cathodes is both costly and environmentally unsustainable (Senthil
Rathi et al. 2022).

Biological and photobiological systems are particularly interesting since they
are less energy intensive, as they are performed by microorganisms which go
through metabolic pathways related to several products. They can be divided in
light-independent and light-dependent. Biophotolysis stands among the latter as it
is a process where hydrogen is generated from the dissociation of water. The
microorganisms involved are photosynthetic bacteria and photoautotrophic green
algae (J. Z. Zhang 2014). They absorb light to activate photosystem I and II which
transfer light energy through the movement of electrons. These charges reach the
hydrogenase enzyme, leading to the formation of hydrogen (Azwar et al. 2014).
The main issues related to this technique are the inhibition of hydrogenase in
presence of oxygen, the low hydrogen production compared to other processes,
and the non-utilization of biomass wastes (Kapdan and Kargi 2006).

Photo-fermentation is another light-dependent technique, and it is based on
the utilization of purple non-Sulfur bacteria. H> production is possible through the
degradation of organic acids in a Nj-deficient environment. Sunlight spreads
energy, which is employed to generate electrons from organic matter. Through the
action of the nitrogenase enzyme, protons pass a membrane and are reduced by
electrons to form H> (Kanwal and Torriero 2022). A wide range of biomass can be
degraded through this method even if high molecular weight bio-waste needs pre-
treatment as in case of lignocellulosic material. Pre-treatments are necessary as
lignocellulosic biomass is composed by complex polymers not easy to break. A
high efficiency is obtained in the absence of oxygen and with good access to
sunlight (Senthil Rathi et al. 2022). In addition, the process is sensitive to the
presence of ammonia, which inhibits nitrogenase and stops the fermentation
(Habashy et al. 2021).

Each technique presents specific advantages and limitations; therefore, the
selection of an appropriate method is not straightforward. With the increasing
development of renewable energy technologies, benchmarking tools have been
introduced to assess the relevance and feasibility of emerging processes. Among
these, the technology readiness level (TRL) is a widely used indicator for
evaluating and comparing the maturity of technological developments.
Biohydrogen production from biomass is a relatively recent research area, driven
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largely by concerns over fossil fuel depletion. Consequently, most of the proposed
technologies are characterized by relatively low TRL values. Pyrolysis represents
a notable exception, with a TRL of approximately 7. However, despite the
identification of optimal operating conditions, this technology is currently limited
to pilot-scale applications, as the underlying reaction kinetics and mechanisms are
not yet fully understood (Beims et al. 2019). Both microbial electrolysis and
photofermentation are currently characterized by a TRL of approximately 4.
Microbial electrolysis has predominantly been investigated in small-scale
systems, typically using reactors with volumes around 0.5 L. However, industrial
applications require operation at significantly larger scales; therefore,
demonstrating stable and efficient performance in larger reactors is essential to
advance the TRL of this technology (Roy et al. 2022). Photofermentation, on the
other hand, is strongly dependent on light availability, with higher H> yields
generally achieved under artificial illumination. Nevertheless, satisfactory yields
have not yet been demonstrated at larger scales, which contributes to the
persistently low TRL of this process (Melitos et al. 2021).

Photocatalytic H> production exhibits an even lower maturity level, with TRL
values up to 3. This is primarily due to the high complexity of the process, which
has so far been successfully demonstrated only under laboratory-scale conditions
(Frowijn and van Sark 2021). Overall, these considerations highlight that
biohydrogen production technologies are not yet applicable at large scale.
Although numerous innovative approaches have been proposed, they are currently
unable to replace conventional hydrogen production routes based on fossil fuels.

1.3.2 Dark fermentation and anaerobic digestion

AD is a biological conversion process in which organic biomass is
decomposed under oxygen-free conditions, resulting in the production of a biogas
phase rich in methane. The overall process proceeds through four sequential and
metabolically interconnected stages, namely hydrolysis, acidogenesis,
acetogenesis, and methanogenesis, whose efficient operation relies on a delicate
syntrophic balance among different microbial consortia (Wirth et al. 2012).
Disruption of this microbial cooperation can significantly impair system
performance and stability.

The initial hydrolysis step involves the breakdown of complex organic
polymers into simpler, soluble compounds that can be assimilated by
microorganisms. During this stage, hydrolytic bacteria secrete extracellular
enzymes that convert carbohydrates, lipids, and proteins into monosaccharides,
long-chain fatty acids, and amino acids, respectively. Hydrolysis is often the rate-
limiting step of the anaerobic digestion process, particularly when treating
substrates rich in structurally complex components, and it is generally favored
under operating conditions of 30-50 °C and pH values between 5 and 7. The
presence of lignocellulosic biomass further slows hydrolysis due to the
recalcitrant nature of lignin, which restricts enzymatic accessibility to fermentable
fractions (Zamri et al. 2021).
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Following hydrolysis, acidogenesis occurs, during which acidogenic
microorganisms metabolize soluble intermediates into volatile fatty acids (VFAs),
primarily acetic, propionic, and butyric acids, along with smaller quantities of
ethanol and lactic acid. The relative distribution of these fermentation products
depends strongly on operating parameters such as pH, temperature, and substrate
composition. However, excessive accumulation of VFAs can lead to acidification
of the system, resulting in microbial inhibition and, in severe cases, process
failure. In the case of protein-rich substrates, amino acid degradation also
generates ammonia, which may exert an inhibitory effect on the anaerobic
digestion process when present at elevated concentrations (Zamri et al. 2021).

The subsequent acetogenesis stage involves the further conversion of VFAs
into acetate, H>, and CO,. Although acetic acid can inhibit acetogenic
microorganisms, its continuous consumption by methanogens maintains favorable
thermodynamic conditions for acetogenesis. Lipid degradation proceeds through
acidogenesis followed by B-oxidation, producing acetate from glycerol and long-
chain fatty acids (Zamri et al. 2021). This stage is thermodynamically constrained
and highly sensitive to H> partial pressure, which must be maintained below
approximately 10" atm to ensure process feasibility (Uddin and Wright 2023).

H> accumulation is prevented by the activity of methanogenic archaea during
the final methanogenesis step, in which H; is utilized as an electron donor in the
hydrogenotrophic pathway to reduce carbon dioxide to methane. In parallel,
acetoclastic methanogens convert acetate directly into methane through an energy
yielding reaction (Cai et al. 2016). Methanogenic microorganisms are particularly
sensitive to environmental disturbances, including oxygen exposure, and exhibit
narrow substrate specificity. They generally require neutral to slightly alkaline pH
conditions and low redox potentials. Methanogenesis typically represents the
slowest phase of anaerobic digestion, lasting approximately 5-16 days, and in
batch systems, the digestion process is considered complete when biogas
production ceases, usually after around 40 days.

DF encompasses the first three stages of anaerobic digestion (hydrolysis,
acidogenesis, and acetogenesis) and represents the most widely studied biological
route for H> production from organic substrates. Unlike conventional AD, DF
deliberately suppresses methanogenesis, allowing H» to accumulate as the primary
gaseous product. DF is a light-independent process where the final products of
fermentation are H,, CO, and VFAs such as acetic acid, butyric acid, and
propionic acid. Considering 1 mol of glucose, 4 mol of H> are obtained when the
product is acetic acid (CH3COOH). On the other hand, if butyrate
(CH3CH2COOH) is generated, 2 mol of hydrogen are produced, following the
reactions:

C¢H1,06 +2H,0 - 2CH3;CO0OH +2C0,+ 4H,

(1.1)
CoHy,04 —» CH;CH,COOH + 2 CO, + 2 H,

(1.2)
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In real conditions, both reactions take part in H> production together with the
small contribution of propionate reaction (J. Z. Zhang 2014). To obtain the
highest H> yield, the acetate path should be maximized. Moreover, oxygen
inhibits hydrogenate enzyme so its presence should be avoided (Kanwal and
Torriero 2022). When acidogens reach a steady production of VFAs, their
accumulation leads to lower pH and disturbs the activity of microorganisms.
VFAs are released in the medium to preserve cell stability. However, if they
accumulate in the surrounding environment, cytosol of biocatalysts may be
penetrated causing the lysis of cells wall (Dahiya et al. 2021). A wide range of
biomass wastes can be treated through DF due to the high flexibility of the
process. Moreover, compared with other biohydrogen production technologies,
DF is economically advantageous, as it does not require sterile conditions and
operates under relatively simple and low-energy-demand conditions (Ubando et
al. 2022).

Nevertheless, it is associated with low production, ranging from 10 to 180
mL/gvs, depending on the substrate, which limits its industrial application and
scale up (Osman et al. 2023). The VFAs produced during DF, may act as substrate
in a further step where methanogens bacteria are able to produce methane.
Moreover, their dispersion in the environment should be avoided as they generate
pollution while their employment as raw material is completely in agreement with
circular economy principles (Y. Zheng et al. 2022). DF shows the second highest
TRL between biohydrogen production techniques, which amounts to 5. This value
has not risen yet as the process is efficient at laboratory scale, but optimizations
are necessary to make it suitable at industrial scale (Buffi et al. 2022).

1.3.3 Two-stage anaerobic digestion

A two-stage process configuration, consisting of DF for H, production
followed by AD of the remaining solid residue rich in VFAs for CH4 generation,
represents an effective strategy to maximize the valorization of waste biomass.
This integrated approach is commonly referred to as two-stage anaerobic
digestion (TSAD). In TSAD, the biological phases of acidogenesis—acetogenesis
and methanogenesis are spatially separated, as these stages require distinct
optimal operating conditions in terms of pH, temperature, and hydraulic retention
time, as schematically illustrated in Figure 1.2.

The use of two dedicated reactors allows for improved control over process
parameters and microbial activity, thereby enhancing overall gas yields and
process stability. This configuration enables the simultaneous production of two
energy carriers, H> and CH4, while ensuring efficient exploitation of carbon-based
biomass. When energy recovery is evaluated considering methane production,
conventional single-stage anaerobic digestion achieves an efficiency of
approximately 84 % when glucose is used as the substrate. In contrast, TSAD
exhibits higher energy recovery, ranging from 86.3 % to 89 %, depending on the
specific metabolic pathway governing glucose degradation. These results
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demonstrate the superior energy recovery performance of TSAD compared to
conventional anaerobic digestion (Ruggeri et al. 2015).

Beyond its enhanced energetic efficiency, TSAD is particularly attractive for
biohydrogen production due to its ability to couple H> generation with CHga
recovery and the production of digestate. This residual material represents a
valuable secondary stream that can be further processed or upgraded into high-
added value products, thereby strengthening the overall sustainability and
circularity of the process.

TRADITIONAL ONE-STAGE ANAEROBIC DIGESTION
CH, + CO,

Waste-Biomass Digestate

Anaerobic Digestion

TWO-STAGE ANAEROBIC DIGESTION

H,+CO, CH, + CO,

Waste-Biomass Dark Fermentation Anaerobic Digestion Digestate

Figure 1.2 Scheme of one-stage and two-stage anaerobic digestion: in the first case, waste biomass
undergoes three degradation steps producing a mixture of CH4 and CO; in the second case the process is
carried out in two reactors: in the first, dark fermentation takes place producing a mixture of H> and CO:

while its residue is fed to the second reactor where, through methanogenesis, biogas is produced.

1.3.3.1 Main process conditions

The main operational parameters governing TSAD include process conditions
such as pH, HRT, OLR, total solids (TS) content, and temperature, as
schematically summarized in Figure 1.3. In addition to these operational
variables, TSAD performance is strongly influenced by the amount of TS fed to
the reactors, the type and composition of the processed biomasses, any applied
pre-treatment strategies, and the availability of essential nutrients.

pH control is a critical factor, as microbial activity and metabolic pathways
are highly dependent on the acidity or alkalinity of the environment. DF operates
optimally under mildly acidic conditions, typically within a pH range of 5.0-6.5,
whereas methanogenic anaerobic digestion requires near-neutral to slightly
alkaline conditions, with optimal performance between pH 6.5 and 8.0
(Kobayashi et al. 2012). The separation of the two stages in TSAD allows each
microbial consortium to operate under its respective optimal pH range, thereby
improving overall process efficiency.
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HRT represents another key parameter, as H>-producing microorganisms
exhibit significantly faster growth kinetics than methanogens. Consequently, DF
and AD must be operated with different HRTs to avoid washout of slow-growing
methanogens and to maximize gas yields. Typical HRTs range from 2 to 5 d for
H> production in the first stage and from 10 to 20 d for CH4 production in the
second stage (Bertin et al. 2013; Lembo et al. 2022; O-Thong et al. 2016).

OLR, defined as the amount of organic matter biodegraded per unit reactor
volume and time, is inversely related to HRT and commonly ranges from 1.2 to
12 kgvs/m® d. An insufficient OLR results in suboptimal substrate utilization and
low gas production, whereas excessive OLR can lead to the accumulation of
inhibitory intermediates, such as VFAs, ultimately causing process instability or
failure (Krishnan et al. 2016).

Temperature strongly affects microbial growth rates and metabolic activity in
TSAD systems, which can be operated under psychrophilic (<20 °C), mesophilic
(20-45 °C), or thermophilic (55-70 °C) conditions (Cremonez et al. 2021).
Increasing temperature generally enhances microbial metabolism and biogas
production but also promotes VFAs accumulation, which may result in microbial
inhibition if not properly controlled (S. Wang et al. 2019). For this reason,
different temperature regimes can be applied in the two stages to optimize volatile
solids (VS) removal and CH4 yield. Nabaterega et al. (2021) demonstrated the
benefits of operating the first stage under thermophilic conditions and the second
stage under mesophilic conditions, while emphasizing the need to carefully assess
the additional energy demand associated with elevated temperatures.

Based on TS content, AD processes are classified as either dry or wet. Dry
anaerobic digestion typically operates with TS concentrations between 20-40 %
w/w, whereas wet digestion involves TS contents below 15 % w/w (Benbelkacem
et al. 2015). Dry digestion offers advantages such as reduced reactor volume,
greater flexibility in feedstock selection, and lower water and energy consumption
(Angelonidi and Smith 2015). However, limited mass transfer in dry systems can
lead to VFAs accumulation, pH reduction, and inhibition of microbial activity
(Thaemngoen et al. 2020). Additionally, dry digestion is often associated with
lower biogas yields, longer digestion times, and the generation of unpleasant
odors (M. Zhou et al. 2019). In contrast, wet digestion requires larger volumes of
water and higher energy input for biomass handling, but it ensures improved
nutrient diffusion and microbial accessibility, resulting in higher biogas
production and potentially greater economic benefits compared to dry digestion
(Panigrahi and Dubey 2019; Angelonidi and Smith 2015).
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« pH=5-6.5
* Temperature: psychrophilic (<20°C),
mesophilic (20-45°C), thermophilic (55-70°C)
« HRT=2-5d
* Totalsolids (TS)
* OLR=1.2-12 keyo/m® d (opt. 10 keyo/m® d)

Two-Stage * pH =6.5-8
Anaerobic JREYSTNN T » Temperature: psychrophilic (<20°C),
Digestion mesophilic (20-45°C), thermophilic (55-70°C)
« HRT=10-20d
* Totalsolids (TS)
* OLR =1.2-12 kgyg/m® d (opt. <5-6 kgyg/m® d)

Digestion

Biorefinery
and Residue Digestate
Valorization

* Nutrients concentrantion (N, P, K)
* Water content
Valorization * Organic matter content

* Contaminants concentration (heavy
metals, pathogens)

Figure 1.3 Main parameters of dark fermentation and anaerobic digestion to perform two-stage
anaerobic digestion followed by digestate valorization and its main parameters.

1.3.3.2 Waste biomass type and characteristics

TSAD can be applied to a wide variety of waste biomasses, which differ in
chemical composition, geographical availability, seasonal fluctuations, and rates
of biodegradation. The primary constituents of biomass are carbohydrates, lipids,
and proteins and they are metabolized by microorganisms at different rates.
Simple sugars, mainly mono- and disaccharides, are rapidly consumed, whereas
lipids and proteins degrade more slowly. Complex organic polymers, such as
hemicellulose and lignin, are broken down even more gradually due to their
structural recalcitrance. Although waxes and greases are highly biodegradable,
they can generate inhibitory compounds during lipid digestion, potentially halting
microbial activity and affecting the production of energy carriers H> and CHy
(Rasit et al. 2015; Cremonez et al. 2021). Seasonal variability further influences
feedstock availability; for example, residues from breweries are produced
intermittently, whereas agro-industrial and municipal residues are generated
continuously and can reliably support H> and CH4 production (Petta et al. 2017).

Table 1.1 summarizes the waste biomasses used in biological processes such
as DF, AD and TSAD, grouped into four categories: urban biomass, animal-based
agro-biomass, cereal agro-biomass, and industrial biomass. For each biomass,
European availability, physical characteristics, elemental and biochemical
composition, and the theoretical biomethane potential calculated using the
Buswell and Neave equation, indicating the expected CHy yield are reported.

This classification follows EU 2009/28/CE and the Eurostat database. Urban
biomasses include organic fraction of municipal solid waste (OFMSW), food
waste and sewage sludge; animal-based agro-biomasses include manure and
animal wastewater; cereal agro-biomasses include rice residues and wheat straw;
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and industrial biomasses include bakery waste, dairy residues, olive pomace, oil
mill wastewater, and wine industry residues.

Food waste is often degraded through DF or AD because of its easily
biodegradable compounds and availability as it is mostly composed of 95 % VS
and 85 % moisture (Dinesh et al. 2018). It can be treated in mesophilic (Nathao et
al. 2013; Xinyuan Liu et al. 2013; D. Liu et al. 2006; Goémez Camacho et al.
2019) or thermophilic conditions (Lukitawesa et al. 2018; Zhu et al. 2022;
Kobayashi et al. 2012) even if there is not a visible improvement in passing from
one condition to another.

Manure is another promising substrate, and its composition varies greatly
depending on the species of animal, geographical location, and climate but it
consists mostly of organic compounds which are rich in both carbon and nitrogen
(Risberg et al. 2017). The latter is a nutrient easily detected in sewage sludge, a
large part of which originates from wastewater treatment plants hence it is
characterized by a high moisture (94 % weight basis) and low volatile solids (3.5
% weight basis) content. It contains organic compounds, microorganisms, and
inorganic matter hence it acts as an interesting substrate for digestion
(Alrawashdeh et al. 2017). Several components present in sludge are non-easily
biodegradable through DF and AD, so pre-treatments are necessary to improve
biogas yield (Lee et al. 2023; Akcakaya et al. 2022).

Lignocellulosic biomass, the most abundant waste stream in Europe, has a
complex crystalline structure mainly composed of cellulose, hemicellulose, and
lignin (B. Liu et al. 2022; Francesca Demichelis et al. 2020). This recalcitrance
limits enzymatic accessibility and reduces biodegradability even when pre-
treatments are applied. Consequently, TSAD using purely lignocellulosic biomass
is rarely reported; it is typically co-digested with more easily degradable
substrates such as food waste or cheese whey to enhance microbial conversion to
Ho> in the first stage and CH4 in the second stage (Aravani et al. 2023; Margarita
Andreas Dareioti and Kornaros 2015a; Zhu et al. 2022). Pre-treatments are
commonly applied to increase digestibility and facilitate microbial access to
complex organic matter. By improving hydrolysis rates, these pre-treatments
enhance the subsequent conversion of biomass carbon into H> and CHa4, ultimately
maximizing energy recovery from waste streams.
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Table 1.1 Waste biomasses are classified into four categories and for each waste biomass physical, chemical, and biochemical compositions are reported. The acronyms adopted are organic

fraction of municipal solid waste (OFMSW), total solids (TS), and volatile solids (VS).

Category Name

EU
Availabilit

y (Mtly)

TS %

VS/TS
%

Elemental Composition on TS basis %

Biochemical Composition
%

C

N

S

H o

C/N

Lipid Protein Carboehydrat

CHy4
(Nm?/
kgvs)

References

OFMSW

177

19.32

96.76

48.42

6.76

2.97

02  41.65

7.16

11.90  5.40 55.00

0.28

(F.
Demichelis
etal. 2022;
Francesca
Demichelis
et al. 2023)

Urban biomass

Sewage
sludge

550

2.00

65

50.00

3.00

1.9

8.6 36.5

16.67

12.00 990 27.30

0.57

(Gebreeyes
sus and
Jenicek

2016;
Pellegrini

etal. 2016;

N. Parmar

et al. 2001)

Manure
Animal-based
agro-biomass

1400

33.15

59.13

67.87

2.90

0.63

4.87 58.53

11.40

0.40 9.55 41.15

0.22

(Setyobudi
etal. 2017;
Tsai et al.
2019;
Margarita
A. Dareioti
et al. 2022)

Broiler and
slaughter
house litter

N.A.

18.53

89.4

54.90

5.90

1.00

850 29.70

9.31

N.A. N.A. N.A.

0.62

(Jeon et al.
2013)
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Rice
residues

3.35

94.00

98

36.02

1.12

0.38

6.63

55.85

32.16

1.61

4.12

71.47

0.32

(Izzatie et
al. 2016;
Pattarapisit
porn et al.
2021)

Cereal agro-
biomass

Wheat
straw

144

27.2

84.6

46.60

2.90

0.30

6.60

43.60

16.07

1.38

7.92

36.22

0.45

(Campuzan
o and
Gonzalez-
Martinez
2016;
Gaitan-
Hernandez
and Mata
2004;
“Wheat
Straw
Waste
Could Be
Basis for
Greener
Chemicals”
2017)

Bakery
waste

N.A.

74.1

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

NA

3.00

10.50

46.00

N.A.

(Haque et
al. 2016; C.
S. K. Lin et

al. 2013)

Industrial
biomass Dairy
residues

192.5

12.5

97

46.50

4.90

5.62

8.43

34.55

9.49

13.50

29.5

45.50

0.55

(Stasinakis
etal. 2022;
Vidal et al.,
n.d.;
Necemer et
al. 2016)

Oil pomace

36.69

90.00

86.1

51.28

0.95

0.11

5.86

41.8

53.98

2.33

2.48

29.48

0.50

(Cravotto et
al. 2022;
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Sert et al.

2018;
Selim et al.
2020)

Oil mill
wastewater

23.35

12.00

75.00

N.A.

N.A. NA.

N.A.

N.A.

NA

(Solomako
u and
Goula
2020;

Cravotto et

al. 2022;
Gomec et
al. 2007;
Foti et al.
2021)

2.14 5345 6.86 N.A.

Wine
residues

24750

0.40

87.20

49.80

2.00  0.00

5.80

42.40

24.9

(Vlyssides
et al. 2005;
Link et al.
2018;
Miklas et
al. 2022)

N.A. N.A. N.A. 0.47
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1.3.3.3 Substrate pre-treatments

Pre-treatments are generally classified into four main categories: physical,
chemical, enzymatic, and hybrid methods, the latter combining two or more
approaches. They are selected depending on different factors as efficiency,
environmental impact, cost and complexity of the process. Easily degradable
biomasses, such as food waste and OFMSW, typically require only mild physical
pre-treatments, including shredding or dilution with water, to enhance microbial
access. In contrast, lignocellulosic biomasses, with their complex and cross-linked
polymeric structures, demand more intensive treatments to overcome physical and
chemical barriers that limit microbial degradation and reduce H> and CHy yields
(S. R. Paudel et al. 2017). By-products may be generated while treating biomass
which may inhibit the whole digestion. Evaluating benefits and disadvantages of
every technique is mandatory to perform a sustainable process.

Among chemical methods, there are acidic, alkaline, oxidative and ionic-
liquid pretreatments. Chemical pretreatments aim to enhance biofuel yield through
the disruption of hydrogen and covalent bond between the main components of
biomass. They include the employment of inorganic or organic acids to
disaggregate structure of biomass. Hemicellulose and then lignin are solubilized
to make cellulose more accessible. Typical inorganic acids used to treat biomass
are strong as nitric, phosphoric, hydrochloric and sulfuric. Concentrated acids
allow to gain a higher yield of biogas but they are also related to harmful effects
as the formation of hydroxymethyl furfural which damage biological and
enzymatic activity. Moreover, acids can corrode equipment which should be
constructed with resistant material, directly associated to an increase in capital
cost and maintenance. On the other hand, diluting acids allows to perform a less
dangerous, toxic and corrosive digestion associated to easier scale up of the
process (Lorenci Woiciechowski et al. 2020). Organic acids represent an
alternative to mineral acids as they are environmentally friendly and non-toxic.
Furthermore, sugar degradation is minimized together with the formation of
inhibitors (Dharmalingam et al. 2022). However, using concentrated organic acids
is not ideal as they can penetrate cell membrane and cause a drop in internal pH
leading to growth inhibition. They should be diluted even if their concentration in
pretreatment is usually higher with respect to mineral acids (Amnuaycheewa et al.
2016).

Alkaline pretreatments act mostly on lignin which is dissolved because of the
degradation of ester and glycosidic side chains. Cellulose structure loses
crystallinity and it is broken while hemicellulose is degraded. Alkaline substance
1s mixed with water and then sprayed onto biomass. Among basic components,
the most employed are NaOH, KOH, lime, ammonia and urea (Loow et al. 2016).
NaOH efficiently degrades biomass but it is expensive, corrosive and hazardous to
the environment. Moreover, its recovery and recycle are not easy and can act as an
inhibitor to microorganisms. KOH results less toxic and more efficient. It can be
employed as fertilizer or in agriculture hence its disposal is much easier (Yu et al.
2019). Lime can be used in the form of CaO or Ca(OH), and it enhances
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enzymatic hydrolysis and limits toxic inhibitors generation. However, NaOH,
KOH and lime are not ideal as additives as they are not renewable. Ammonia and
especially urea are proposed for alkaline pretreatments. While liquid ammonia is
used at high temperature and pressure, urea can be added to biomass at 55°C and
it has a control effect on process pH. Zhu et al. (2022) pretreated corn straw with
urea to perform a codigestion with food waste and chicken manure obtaining a
CHjs yield of 106 ml/gys.

Oxidative pretreatment involves chemical agents as peroxides, alcohol acidic
solution, ozone, oxygen or air to dissolve lignin and degrade hemicellulose. On
the other hand, cellulose is not affected by the agent and remains undissolved in
its crystalline structure. Oxidizing agents are expensive while their efficiency in
biomass degradation are not much higher with respect to alkaline and acid
pretreatments (Gawet Sotowski et al. 2020). Between oxidizing agents, hydrogen
peroxide (H20>) plays an important role as it can be used at ambient pressures and
low temperature. Also ozone can be employed to degrade mostly lignin as it
specifically acts on aromatic ring, leaving hemicellulose and cellulose almost
intact. Ozone is not associated to the generation of toxic inhibitors so post
treatment can be avoided and the process can be considered environmentally
friendly. However, acceptable efficiencies are reached with a large amount of
ozone making the process too expensive for industrial scale (Norrrahim et al.
2021). Ion-liquid pretreatments employ liquid salts with a melting point below
100 °C, high thermal and chemical stability, low viscosity, toxicity and
flammability. They are efficient and eco-friendly but also quite expensive which
makes them unfeasible for industrial scale processes. Their efficiency could be
optimized by improving their rheological properties or by coupling them with
other treatments. However further investigations are necessary to refine their
action on lignocellulosic biomasses (Amini et al. 2021).

Physical pretreatments are employed to break lignin barrier and make sugars
accessible for digestion. Surface area increase, crystallinity modifications and size
reduction are the main effects of physical pretreatments which make biomass
amorphous and available for hydrolysis. These techniques are convenient due to
no weight loss and no inhibitor formation. However, they required a large amount
of energy and are not efficient as chemical pretreatments. To achieve particles
reduction, milling should be performed in different forms such as ball milling, wet
disk milling, roll milling, grinding and chipping. Extrusion is a more recent
process which modifies lignocellulosic structure due to high-power rotation of
screws mounted on a grooved shaft. Through this action, an increase in
temperature and pressure changes the physical properties of biomass. Compared
to other technique, extrusion can occur at relatively low temperature which avoids
further degradation of biomass and positively affects the cost of the process
(Akobi et al. 2016). Microwave irradiation acts on biomass intra-water which is
evaporated altering the cellulose crystallinity. This pretreatment exploits a
constant power between 300 and 700 W for a period from 2 to 20 min (Jianwei
Liu et al. 2020; Xuran Liu et al. 2019; Feng et al. 2019). Microwaves are suitable
for allowing uniform heating even in deeper layers. The solubility of organic
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compounds present in biomass is strongly enhanced and they become more
available to microorganism (Beszédes et al. 2011). Microwave irradiation also
presents some issues related to the scale-up of the process as costs are too high to
make the operation profitable. Microwave technique is often coupled to another
method, for example acid or alkaline pretreatment, to achieve a convenient and
efficient system (Yu et al. 2019). Ultrasound-assisted technique is a physical
pretreatment which consists in propagating ultrasound waves, which have a
frequency higher than 20 kHz, generating a phenomenon called cavitation.
Biomass is crossed by waves while gas bubbles are formed. They to a critical
point which is characterized by the implosion of bubbles. Temperature and
pressure undergo a local increase which causes the releasing of intracellular
compounds due to the damage in cellulose and hemicellulose structure. Another
effect of the pretreatment is the enhancement of porosity originated by the
disruption of complex polymers. Sugars result more accessible to microorganism
thanks to an improvement of the contact area between substrate and microbial
population. Biomass volume strongly influences pretreatment as it dilutes
ultrasound power mitigating its effect. Some economic analysis manifest
profitability in ultrasound waves pretreatment. However, a balance between
biomass disintegration and power consumption is necessary to minimize costs. In
addition, better results may be achieved combining ultrasound technique and other
pretreatments as chemical ones to gain a higher yield in biogas production (Shukla
et al. 2023; Mudhoo 2012).

Thermal pretreatments often involve the utilization of additives such as water,
air or CO2 to modify biomass structure at high temperature. Employing those
compounds respect sustainability goals as they are environmentally friendly
(Antczak et al. 2022). However, heating the system may be very expensive in
terms of energy. A deep economic and sustainability analysis should be performed
to evaluate the worthiness of the pretreatment. Furthermore, high temperatures
may damage some biomasses depending on their heat-sensibility. Steam explosion
is one of the alternatives and it consists in two stages: firstly, lignocellulosic
biomass is heated with sub-critical water at 170-210 °C at high pressure to cause
the hydrolytic disruption of cell wall; afterwards, steam undergoes an expansion
due to a sudden pressure drop which allows vapor accesses the fibrous structure
and its breakage. An enhancement of porosity and surface area of the substrate is
obtained because of changes in lignin and solubilization of hemicellulose. The
main issue is the control of process parameters even if it is already employed at
industrial scale (Ziegler-Devin et al. 2021). Liquid hot water pretreatment
involves the utilization of water at elevated temperature and pressure to overcome
lignocellulosic recalcitrance. It is an eco-friendly technique as it avoids hazardous
chemicals and corrosion of equipment (Shang et al. 2019). Hemicellulose is
dissolved, lignin is broken and positioned differently while cellulose is slightly
disintegrated to avoid sugars loss (M. Li et al. 2017). Water is heated up to 120-
230 °C under subcritical conditions and is applied to biomass from 2 min to 6 h.
Some inhibitors are generated, especially at higher temperature as furfurals, 5-
hydroxymethylfurfurals and melanoidins which can affect substrate degradation
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(Gonzalez and Heiermann 2021). Among green solvents, CO; is an attractive
alternative to treat biomass. It is economic, non-flammable, inertness, non-toxic,
ubiquitous and recyclable. In addition, it is characterized by moderate
supercritical properties (7.38 MPa, 31.05 °C) compared to water ones.
Supercritical CO; is employed in CO: explosion due to its low viscosity, zero
surface tension and gas-like diffusivity (Zabihi et al. 2021). CO> diffuses through
micropores and when pressure is released, a breakage in cellulose makes sugars
more accessible to microorganism action. Moreover, its dissolution in water
causes a rise in system acidity which contributes to biomass degradation and
explain why dry biomass is not suitable for this pretreatment (Gu et al. 2013).
Supercritical CO; pretreatments are commonly carried out for about 5-60 min, at
60-150 °C and 120-240 bar (Navarro et al. 2021). Specific equipment should be
used to bear high pressure which is often related to elevated costs. Furthermore,
extreme conditions could also cause degradation of the final product (Arumugham
et al. 2022). Wet air oxidation is a thermal pretreatment which consists in
oxidizing biomass under sub-critical conditions. A temperature between 125 °C
and 320 °C together with pressure goes from 0.5 MPa to 2 MPa are commonly
used. Oxygen is the main gaseous source even if air is usually used as oxidizing
agent (Banerjee et al. 2009). Pressurized wet air cause hemicellulose and lignin
dissolution and easier access to cellulose. A lower amount of furfural and HMF
are formed compared to steam explosion. On the other hand, organic acids are
produced to start the degradation process producing lower molecular weight
components (Z. Zhou et al. 2023). This pretreatment can be also employed to
completely degrade biomass to CO and CO:z even if in AD system, that
transformation is undesired. Furthermore, wet air oxidation can be enhanced
through catalysts as metal ions, noble metal-based catalysts, transition metal-
based catalysts (Ansaloni et al. 2018).

Biological pretreatments require lower energy consumption and complexity as
there are not chemicals to be recycled and toxic compounds emissions are
avoided. They allow to achieve a high sugar degradation and digestible solids in
mild conditions (Kocher et al. 2017). Biological pretreatments employ fungi,
bacteria and enzymes. Among fungi, filamentous white rot fungi are efficient as
they usually grow on dead or living wood producing enzymes in nitrogen
deficiency (Terasawat and Phoolphundh 2021). Microorganisms generate
enzymes which allow hydrolysis of the substrate. The most important lignolytic
enzymes produced by fungi are manganese peroxidase (MnP), lignin peroxidase
(LiP) and laccase. The first two degrade biomass oxidizing lignin while laccase is
activated in presence of oxidizers as 2,2’-azinobis-(3)-ethylbenzylthiazoline-6-
sulphonate (ABTS) and acts on phenolic compounds, anilines and aromatic thiols
through copper ions (Bak et al. 2010). On the other hand, cellulose is degraded by
cellulase which breaks B-1,4 linkages. Cellulase activity is directly affected by
cellulose accessibility which is hindered by xylan. The latter one is the main
component of hemicellulose which participates to cell structure as it creates a
cross linked network. Xylanase is an enzyme present in multiple forms with
different characteristics and actions. Biological pretreatments show some issue
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mainly related to enzyme production costs which are not feasible for industrial
scale applications (Hosseini Koupaie et al. 2019). In addition, process stability
and high efficiency are not guaranteed. Further research is needed to optimize the
process and make it convenient (de Freitas et al. 2021).

1.3.3.4 Inoculum pretreatment in dark fermentation

The microbial communities involved in DF must be completely free of
methanogens, which consume H> and inhibit its recovery. To achieve this,
pretreatment of the inoculum is necessary to eliminate these microorganisms,
encouraging the proliferation of Ho>-producing bacteria.

Common pretreatment techniques include thermal and chemical methods.
Thermal technique involves microbial heating at temperatures between 60 and
120 °C during a period of 15-240 min. Ravindran et al. (2010) investigated the
effect of thermal pretreatment on the isolation of hydrogen-producing
microorganisms by applying five different temperatures (65, 80, 95, 105, and 120
°C) for one hour to forest soil. The highest hydrogen production was observed at
95 °C, followed by 105 °C. Lower temperatures were not conducive to the
sporulation of additional strains, which were instead present under more extreme
conditions.

Similarly, Hidalgo et al. (2023) evaluated the impact of inoculum thermal
pretreatment at 60, 80, and 100 °C. Their findings indicated that while there was
no significant difference in hydrogen production among these temperatures,
residence time played a crucial role. A 30-minute treatment enhanced biogas
production at 80 and 100 °C, whereas a one-hour treatment was more effective at
60 °C. Various time-temperature combinations have been tested, suggesting that
mild conditions are preferable to prevent the complete deactivation of microbial
cultures.

Although thermal pretreatment is a straightforward process, it does not always
fully eliminate hydrogen-consuming microorganisms. Some may sporulate, while
others are only temporarily suppressed and can re-emerge over time. Therefore,
periodic thermal pretreatment may be necessary to sustain hydrogen production.
This limitation also impacts on the economic feasibility of the process, which
must be carefully assessed (Bundhoo et al. 2015).

Chemical pretreatment involves the modification of inoculum pH to stimulate
Hz-producer development. Strong acids such as HCl, H2SO4, and HNO3 can be
added to the culture until a certain pH is reached. Lee et al. (2009) evaluated the
use of HCI, H2SO4, and HNO3 for acid pretreatment of inoculum sourced from an
anaerobic digester. Each acid was added to the inoculum until the pH reached 2,
and then adjusted to 5.5 after 24 hours. HNO; had an inhibitory effect on the
process due to excessive nitrate accumulation in the reactor, which exceeded the
acceptable threshold by a factor of 3.5. Similarly, H2SO4 led to high sulfate
concentrations, which were toxic and inhibited fermentation. Among the acids
tested, HCl was identified as the most suitable option for enhancing hydrogen-
producing microorganisms. In a separate study, Hidalgo et al. (2023) also
explored the use of strong acids for inoculum pretreatment. Their results indicated

37



that H>SO4 did not cause any significant adverse effects on biogas production
compared to HCI. Nonetheless, both studies concluded that HCI is the most
effective acid for chemical pretreatment. While acid pretreatments are generally
simple, cost-effective, and efficient, they also present some limitations. These
include the necessity of pH adjustment post-treatment, the potential formation of
undesirable by-products that may require disposal, and the need for periodic
repetition to maintain efficacy on the microbial culture (Bundhoo et al. 2015). As
previously mentioned, thermal and acid pretreatments are the most commonly
used techniques in dark fermentation processes. However, in recent years, several
alternative methods have been proposed, making it difficult to determine a
universally superior approach (Bundhoo et al. 2015). While some studies have
identified chemical pretreatment as the most effective, others have highlighted
heat shock treatment as the best strategy for eliminating methanogens and
enhancing hydrogen production (Al-Haddad et al. 2023; Chen et al. 2021).

1.3.3.5 Nutrients balance

Nutrient balance, such as nitrogen (N) and phosphorous (P), is an important
parameter to guarantee process control and it can be achieved through the addition
of artificial nutrients or through simultaneous digestion of different substrates by
performing a co-digestion. This approach aims to maximize the process energy
production by creating a suitable environment for microorganisms’ growth. This
condition is possible when a proper C:N:P is reached.

Nitrogen is important for microorganisms’ propagation because of its
buffering capacity, which is essential during VFAs production, but nitrogen in the
form of ammonia can inhibit the process. On the other hand, nitrogen is essential
in amino acids production by microorganisms (Tufaner and Avsar 2016).
Reaching an ideal ratio between carbon and nitrogen content, around 20-30, can
enhance digestion performance (Esposito et al. 2012; Z. Zheng et al. 2021).
Phosphorous is essential too for an optimal microbial growth and a good control
of pH and its quantity should account for 15 % of N content in a reaction
environment (Hussain et al. 2015). Finding a unique value of C:N:P is hard as
several different values are reported in the literature. Comparing them, a ratio
C:N:P equal to 200:7:1 can be adopted in the digestion design. Even if N and P
presence enhances biogas yield, their concentration should not be too high
because it is associated to with inhibition phenomena, precipitation of N and P
salts which make nutrients no more available, higher costs, and release of N and P
compounds in waterways, causing pollution (Gil et al. 2019).

When the correct nutrients are provided, microorganism activity 1is
maximized, and this condition can be reached by mixing feedstocks with different
compositions. Co-digestion technique is quite popular adopted in DF and AD
since most biomass wastes do not contain the adequate amount of nutrients.
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1.3.3.6 Co-digestion

Co-digestion consists of combining different biomasses to achieve a more
balanced nutrient composition, while simultaneously providing several
operational advantages. One of the main benefits is the possibility of regulating
pH by blending acidic, carbon-rich substrates with alkaline biomasses rich in
nitrogen, thereby improving process stability. In addition, the moisture content of
the feedstock can be optimized without the need for fresh water addition, or by
minimizing its use, through the selection of inherently humid substrates that help
achieve the desired TS content (Esposito et al. 2012).

Biomasses rich in phosphorus, such as sewage sludge or food waste, are often
combined with substrates that are poor in this element to avoid nutrient imbalance
(Lan et al. 2022). Food waste, although rich in carbon, may lack sufficient
nitrogen and can therefore lead to excessive acidification and inhibition of
microbial growth. For this reason, it is frequently co-digested with nitrogen-rich
biomasses such as manure or sludge, which enhance the buffering capacity of the
system and mitigate acidification caused by fatty acid accumulation (Alrawashdeh
et al. 2017).

Similarly, dairy residues can serve as suitable substrates for microbial
activity; however, the digestion of whey often results in rapid acidification of the
process environment. To counteract this effect, whey is commonly combined with
nitrogen-rich biomasses, such as manure or sludge, which help maintain stable
operating conditions and improve overall performance (Bertin et al. 2013;
Dareioti ¢ Kornaros 2015).

Table 1.2 summarizes selected two-stage anaerobic digestion studies applied
to different substrates. The first section of the table reports mono-digestion
process conditions and corresponding yields, while the second section focuses on
co-digestion configurations. The data clearly show that a wide range of substrate
combinations can be employed; however, the common characteristic among
effective mixtures is the pairing of carbon-rich substrates with feedstocks rich in
nitrogen or phosphorus. At the same time, co-digestion does not always guarantee
higher H> and CH4 yields, as certain biomasses, such as spent mushroom
substrate, are not well suited for this approach. Household solid waste and
OFMSW often exhibit the highest H> and CH4 yields under mono-digestion
conditions, although their performance can be further enhanced when co-digested
with nitrogen-rich biomasses.

As previously discussed, the first and second stages of TSAD may be
operated at different temperatures, as reported in several studies listed in 7able
1.2. Nevertheless, increasing temperature does not always result in a significant
improvement in Hz production, and when an enhancement is observed, it is often
limited in magnitude.

There are very few examples in the literature of TSAD applied exclusively to
lignocellulosic biomasses, as these substrates are poorly suited to biological
degradation. More commonly, lignocellulosic materials are co-digested with
manure or readily degradable substrates such as food waste or cheese whey (Zhu
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et al. 2022; Margarita Andreas Dareioti and Kornaros 2015a; Aravani et al. 2023).
Under these conditions, TSAD often yields promising H> and CH4 production, in
some cases outperforming other co-digestion configurations.

Finally, nutrient balance may also be achieved through the direct addition of
elements to the reaction environment. From a circular economy perspective, these
nutrients can be recovered from waste streams, particularly digestate, which
represents the solid and liquid residues of digestion and is rich in nitrogen,
phosphorus, and potassium. In this context, digestate can be reintegrated into a
virtuous cycle, shifting from a waste product to a valuable secondary raw
material.
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Table 1.2 Examples of two-stage anaerobic digestion applied on the different types of feedstocks under different operative conditions. The first part of the table contains modo- digestion

process conditions and yield. In the second part, co-digestion processes are presented.

Substrate Pre-treatments cf;g:; ¢ Operative conditions H: and CHy4 yields References
Mono-digestion
Ground and diluted 1% stage: 37°C, pH=6, HRT=35h H»: 55 mL/gvs (Nathao et al.
Food waste with water >7g/L 21 stage: 37°C, pH =7, HRT =72 h CH.: 94.8 mL/gys 2013)
Diluted with 1% stage: HRT=1d H»: 120 mL/gyvs (Lembo et al.
Cheese whey phosphate buffer 60-80 /L 2" stage: HRT =7.5d CHas: 340 mL/gvs 2022)
1% stage: 35°C, pH=5.5,HRT=2d ) (Maspolim et
Sewage sludge None 423 g/L 21 stage: 35°C, pH =7, HRT = 12 d CHa4: 200 mL/gys al. 2015)
Raw tomato Dried, milled and NA 1% stage: 37°C, pH =6, HRT = 14 d Ha: 11.6 mL/gvs (Ruiz-Aguilar
plant waste sieved o 2" stage: 37°C, pH =6, HRT =28 d CHg: 252.3 mL/gys et al. 2022)
Thawed, blended, 1% stage: 68°C, HRT =3 d ) (Nielsen et al.
Cattle manure and diluted with tap water N.A. 2" stage: 55°C, HRT =12 d CHs: 260 mL/gvs 2004)
OFMSW Milled and diluted 52 o/l 1% stage: 55°C, pH=15.5, HRT=2d H,: 20-85 mL/gys (Chu et al.
with water & 2" stage: 55°C, pH =7.3, HRT =10 d CHa: 329-364 mL/gvs 2012)
Household solid Shredded and NA 1% stage: 37°C, pH=5.5, HRT=2d Hy: 43 mL/gys (D. Liu et al.
waste diluted with water o 2" stage: stage: 37°C, pH=7.5, HRT =15d CHas: 500 mL/gvs 2006)
Organic market Grounded and NA 1% stage: 35°C, pH=5.5,HRT=12d Ha: 50 mL/gvs Camagggr;ejl
waste diluted with water o 2M gtage: 35°C, pH =7-7.5, HRT = 12 d CHa: 179 mL/gvs 2019) -
Diluted with tap 1% stage: 30°C, pH=5.5,HRT=1d ) (Carvalheira et
Peach waste water 212 /L 21 stage: 30°C, pH =7-7.5, HRT =5 d CH,: 320 mL/gcop al. 2018)
Vinasse Diluted with tap 20 o/L 1% stage: 55°C, pH=15.5,HRT=4h H»: 150 mL/gcop (Ramos et al.
water & 2™ stage: 30°C, pH =7-7.5, HRT = 18 h CH4: 240 mL/gvs 2021)
Palm oil mill Non 85.85 o/L 1% stage: 55°C, pH=6.5,HRT=2d Ha: 135 mL/gvs (O-Thong et
effluent one V8 21 stage: 35°C, pH=7.5, HRT = 15 d CH.: 414 mL/gys al. 2016)
Bagasse Centrifuged and 306 o/L 1* stage: 37°C,pH=6, HRT=9 h Ha: 8.24 mL/gcop (Cheng et al.
bioethanol supernatants discarded 08 2™ stage: 37°C, HRT =8 h CHa: 345.2 mL/gcop 2016)
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fermentation residue

Co-digestion

Food waste, corn

Food waste crushed

straw. chicken and sieved, corn straw 5.75 g/L 1% stage: 55°C, pH= 5.5 H»: 106 mL/gys (Zhu et al.
m;lnure crushed, sieved, and (soluble) 2m stage: 55°C, pH=7 CHa4: 515.9 mL/gys 2022)
treated with urea
Food waste and out ai?l?l;?lsetg iiif}?rgd 127 o/L 1% stage: 37°C, pH=5-5.5, HRT =8 h Ha: 99.8 mL/gvs (S. Paudel et
brown water water p & 2™ stage: 37°C, pH=7-7.5, HRT =20 d CHy4: 728 mL/gys al. 2017)
Sludge and food None 3.6 o/L. 1% stage: 37°C, pH=5.5 Hz: 106.4 mL/gvs (Xinyuan Liu
waste 08 2" stage: 37°C, pH=7 CHa: 353.5 mL/gys et al. 2013)
Sludge and wine None 63.8 o/L. 1% stage: 35°C, pH=5.5, HRT=4d H2C}{641r;l;~ /ngs (Tena et al.
vinasse ©8 2M stage: 35°C, pH=7, HRT =4 d & ’ 2021)
mL/ ZCODremoved
Corn silage .
> 1% stage: 37.5°C, HRT =15d ) (Aravani et al.
cattle manure, olive None N.A. 21 stage: 37.5°C, HRT = 15 d CHa4: 570 mL/gvs 2023)
pomace, orange peels
Corn silage, 1% stage: 37.5°C, HRT =20 d ) (Aravani et al.
cattle manure, malt None N.A. 2" stage: 37.5°C, HRT =20 d CHs: 370 mL/gvs 2023)
Cheese whey and Diluted with water 353 o/l 1% stage: 35°C, pH= 5, HRT =5d H»: 84 mL/gvs (Bertin et al.
cattle manure and sieved 8 2" stage: 35°C, pH=7.5, HRT =20 d CHgy: 258 mL/gvs 2013)
Sorghum Ho: 209
Sorghum and shredded/sieved, diluted NA 1% stage: 37°C, pH=5, HRT =5d L/ o (Margarita A.
COW manure with water, alkaline on o 2" stage: 37°C, pH=7.5-8, HRT =25 d 8Carbohydrates Dareioti et al. 2022
g P CHy: 295.3 mL/
ensiled sorghum + ) gvs
Leachate and Crushed, blended, 1% stage: 35°C, HRT =5d ) (Darwin et al.
starch waste and homogenated 584 g/l 2" stage: 35°C, pH=7.5, HRT =25 d CHy: 125.1 mL/gvs 2019)
Seaweed grinded
Seaweed and . . 1% stage: 37°C, pH="7 ) (Nkemka et al.
solid cow manure and bOﬂ:Niltleurted with 11.8 g/L 2" stage: 37°C, pH=7.5 CHy: 110 mL/gvs 2014)
Spent mushroom Spent mushroom
. 1% stage: 35°C, pH= 7 . (Shu et al.
substra;[re1 ;Ell?r shlcken substrate crushed, N.A. 214 stage: 55°C, pH=7 CHy: 84.3 mL/gys 2022)

ground, treated with acid
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(Margarita

Cheese whey, Sorghum ens11§d, 1% stage: 37°C, pH =5.5, HRT =0.5d Hz: 0.7 Andreas Dareioti
cow manure, and grounded and alkaline 80 g/L 2 gtave: 37°C. oH = 8. HRT = 24 d mol/molcarbohydratesConsumed and Kornaros
ensiled sorghum pretreated ge: P ’ CHa4: 326 mL/gys

2015a)
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1.4 Digestate management

At the end of the second stage of the process, digestate can no longer be
biologically degraded by microorganisms; however, it still contains a significant
fraction of carbon as well as essential elements such as nitrogen, phosphorus, and
trace metals. Digestate is a solid-liquid material whose water content strongly
depends on the operating conditions adopted during AD. When digestion is
carried out under wet conditions, a substantial amount of water can be recovered
from the digestate and subsequently reused within the AD process or alternatively
applied as irrigation water or liquid fertilizer (Khan and Nordberg 2018).

In recent years, several innovative recovery strategies have been developed to
enhance the valorization of both nutrients and water from digestate. In parallel,
the solid fraction can be further upgraded and reintroduced into the digestion
chain after thermal treatment, which promotes the formation of biochar or
hydrochar (D. C. Shin et al. 2022). These process intensification strategies may be
implemented either individually or in combination, with the overall objective of
improving resource efficiency and advancing the circularity of anaerobic
digestion systems.

1.4.1 Digestate composition and conventional utilization

Digestate represents the solid-liquid residue obtained after DF and AD
processes (Czekata 2019). Its chemical and physical composition is strongly
influenced by the nature of the feedstock and by the operating conditions applied
throughout the process. Digestate typically contains between 15-55 % of carbon,
originating from both the substrate and the inoculum. During biological
conversion, organic matter is progressively stabilized, resulting in a reduction of
chemical oxygen demand (COD) and biological oxygen demand (BODs), while
more recalcitrant compounds accumulate in the digestate matrix.

Advanced spectroscopic analyses have shown that, when comparing
substrates before and after digestion, digestate exhibits an increased abundance of
carboxyl carbon, aromatic carbon, and aliphatic carbon, accompanied by a
decrease in alkyl compounds, which suggests the preferential degradation of
alkanes during the process (Adani et al. 2009). In addition to organic carbon,
digestate also contains inorganic elements such as nitrogen, phosphorus, and
potassium, which are considered non-renewable resources whose long-term
availability depends on efficient recycling strategies (Battista et al. 2021).

Digestate can be utilized in three main forms: as a whole material, as a liquid
fraction rich in nitrogen and potassium, or as a solid fraction enriched in carbon
and phosphorus (W. Wang et al. 2023b). These fractions are obtained through
separation processes that include mechanical separation, centrifugation, stripping,
drying, or evaporation. Precipitation and flocculation are commonly applied
techniques that promote the aggregation of fine particles, thereby facilitating
phase separation (Chozhavendhan et al. 2023). Alongside physical methods,
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chemical treatments can also be employed to enhance particle coagulation through
the neutralization of surface charges (Beggio et al. 2022).

One of the most widespread applications of digestate is land application, as it
represents a valuable source of nutrients for agricultural crops and can function as
an organic fertilizer (Czekata 2022). However, nutrient concentrations in digestate
are highly variable, and excessive accumulation of specific elements in soil may
result in environmental pollution. For example, surplus nitrogen can lead to
eutrophication or nutrient overloading, which restricts digestate land application
in certain areas. Moreover, logistical constraints related to transportation costs,
farmer preferences for low-cost mineral fertilizers, and regulatory limitations
often hinder large-scale digestate use in agriculture (W. Wang et al. 2023a).

Until recently, direct land application was the predominant management
strategy for digestate, but regulatory frameworks governing its use were limited.
In 2019, the European Union introduced Regulation 1009/2019 on fertilizing
products, which addressed previous legislative gaps and promoted safer and more
sustainable utilization of organic fertilizers, thereby supporting the circular
management of digestate (Rizzioli et al. 2023).

Despite its nutrient value, digestate may also contain undesirable
contaminants. Heavy metals are generally not abundant in fresh substrates, yet
they can accumulate in digestate due to anthropogenic activities (Makadi et al.
2012). Elements such as Ni, Zn, Cu, Pb, Cd, Cr, and Hg are commonly detected,
although their concentrations vary depending on feedstock composition (Demirel
et al. 2013). Zn, Cu, and AS are frequently associated with manure, as they
originate from animal feed additives and veterinary treatments. Their
concentrations in digestate are often higher than in raw manure due to mass
reduction during biological degradation (Govasmark et al. 2011). As is of
particular concern because it is not only unnecessary for microbial metabolism but
also highly toxic. When digestate is applied to soil, metals may become more
stable and bioavailable, highlighting the need for strict concentration control (H.
Jin and Chang 2011).

Digestate may also contain organic contaminants, including pathogens,
pesticides, and steroid hormones (F. Monlau et al. 2015). Pesticides, such as
fungicides and insecticides, along with pathogenic microorganisms derived
mainly from animal and human waste streams, represent significant risks. If
digestate is improperly treated and applied to soil, these contaminants may spread
through crops, posing threats to plant, animal, and human health (Bonetta et al.
2014).

Due to the potential presence of both inorganic and organic contaminants,
direct land application of digestate is increasingly being reconsidered. As a result,
recent research and industrial practices have shifted toward targeted nutrient
recovery strategies, which allow better control over nutrient dosage, fertilizer
quality, and environmental safety.
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1.4.2 Liquid phase valorization

Liquid fraction originates from separation processes where it is divided from a
thicker fraction. It contains less than 3% of total suspended solids (Jin Lu and Xu
2021). Improper use of liquid digestate in land disposal can cause soil pollution
hence alternative applications have been developed. Among them, the extraction
of nutrients represents an alluring option for avoiding pollution associated to with
their release. Moreover, they can be employed to balance nutrients in digestion or
be applied as fertilizer.

1.4.2.1 Nitrogen recovery

Nitrogen is the most present element in liquid digestate and 70-80% of its
dissolvable fraction can be found in the liquid phase (Jin Lu and Xu 2021). N is
mineralized to ammonia which affects the alkalinity of the residue (Moller and
Miiller 2012). Some N recovery techniques employ a chemical approach such as
ozonation or stripping while others use physical methods such as microwave
irradiation, vacuum evaporation, or membrane. Biological processes are also
considered as they present a higher yield concerning other methods. Among
nitrogen recovery techniques, more traditional methods are joined by innovative
technologies, as reported in Table 1.3. They differ in TRL as new processes are
mostly operated at laboratory scale as they are not ready to be scaled up.

Ammonia-nitrogen stripping is the most developed process, with a TRL
around 8-9 (Samarina et al. 2022). It consists in capturing compounds of interest
present in the liquid phase through the contact with a gas. Desired components are
released in the latter one which is then treated in a scrubber to separate ammonia
and stripping gas. This process is convenient when the direct utilization of
digestate in land disposal can be harmful for to crops due to excessive nitrification
of soil (K. Jin et al. 2022). Nitrogen released is controlled while the low ammonia
digestate can be recirculated to the digester to adjust the alkalinity of the system.
The most common stripping gas is air even if oxygen is known to have and an
inhibitory effect on microbial consortium. However, this effect is not that serious
to lead to different gases which are probably more expensive or dangerous than
air. After nitrogen-ammonia has been captured, inorganic acid solution solutions
such as sulphates sulphates or nitrates are employed during the scrubbing step.
However, they are expensive and associated with the formation of wastes that
must be disposed of. To replace inorganic acid, nitrified solution has gained
attention as it absorbs ammonia generating a stable fertilizer that is more valuable
(Bousek et al. 2016).

Biological processes represent another well-known solution to extract
elements present in liquid digestate. When nitrogen is the principal target of
microbial degradation, autotrophic nitrification and heterotrophic denitrification
can be performed to oxidize ammonia. Bacterial activity can be enhanced through
the addition of further carbon sources as organic wastes (Chuda and Zieminski
2021). Unfortunately, they are associated with leachate and odours (Eraky et al.
2022).
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Innovative methods comprehend microwave irradiation, ozonation, vacuum
evaporation and membranes. TRL of these techniques cannot be higher than 4-5
as all of them are currently being tested in the laboratory to evaluate their
performances as they often present limitations which do not allow an easy scale
up (Rizzioli et al. 2023).

Through microwave radiations, digestate is warmed up and a molecular
moment is generated causing the evaporation of volatile ammonia molecules in
solution (La et al. 2014). On the other hand, ozonation is often employed in
wastewater treatment to remove pathogens, organic matter, and inorganic
contaminants. Ozone is a strong oxidant that decomposes pollutants to make their
recovery easier (Yunpeng Yang and Liu 2022). When ammonia is oxidized, the
main products are nitrates which are removed (Ruffino and Zanetti 2012).
Nonetheless, these techniques are hardly employed on a large scale because of
their cost and reagent requirements.

Vacuum evaporation can be employed to concentrate digestate. Water
evaporates in negative-pressure conditions at the boiling temperature associated
with that pressure. Then it is collected in tanks after condensation (Chiumenti et
al. 2013). This method is linked to elevated operational costs and great variability
in ammonia content in the two phases which depend on digestate characteristics
(Simonic¢ and Simoni¢ 2018).

Membrane technology represents another option for nutrient capture. As
mentioned before, recovery processes are often energy-expensive or rely on
additives. On the other hand, membranes are gaining interest due to the
sustainable approach. They are mostly used to obtain ammonia-nitrogen through
hydrophobic polymers which compose the membrane. Nitrogen easily permeates
through them and from liquid digestate it is transferred to an acid solution.
Sulfuric acid is typically employed as receiving liquid even if phosphoric or nitric
acid can be used too. They react with ammonia forming salts which are
commercial fertilizers (Rivera et al. 2022). Membrane technology is associated to
a high yield of nutrients, but it presents some issues related to fouling because of
the high concentration of dry matter in digestate. Enzymatic pre-treatment of the
substrate could reduce the dimension of the molecule in the liquid phase and
minimize this effect (Gienau et al. 2018).
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Table 1.3 Pros and cons of nitrogen recovery techniques from digestate.

Technique

Benefits

Disadvantages

Removal efficiency (on

References

Microwave
radiations

e High removal
efficiencies
e Fast and easy to
control

e High energy cost

(Laetal. 2014)

Ozonation

e Removal of
pathogens, organic
matter, and inorganic
contaminants

e  Ozone requirements

(Yunpeng Yang and
Liu 2022)

Biological
processes

e Degradation of
unstable biomass

e Not complete
consumption
e Leachate and odors

(Eraky et al. 2022;
Okolie et al. 2022)

Vacuum
evaporation

e  Concentration of
ammonia

e Elevated operational
costs
e  Great variability

(Chiumenti et al.
2013)

Stripping

e High degree of
development
e High efficiency

e  Scrubbing step is
necessary

e  Production of wastes

(Rizzioli et al. 2023;
Alhelal et al. 2022;
Bousek et al. 2016;

Samarina et al. 2022)

Membranes

e High removal
efficiencies

e Not selective
e Fouling

total N-compound content) TRL
82.6 % 4-5

85% 4-5

83.7% 4-5

97.5% 4-5

70-80% 8-9

70-75% 4-5

(Rizzioli et al. 2023;
Rivera et al. 2022)
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1.4.3 Phosphorous recovery

Phosphorous compounds are concentrated mainly in solid digestate (55-65
%), but the liquid phase contains a significant percentage (35-45 %) (Logan and
Visvanathan 2019). Traditional phosphate rock extraction for P production is
unsustainable since, according to the European Commission, P is a critical raw
material (Golroudbary et al. 2019). Precipitation is widely employed in P
recovery, and it can be applied in different forms as illustrated in Table 1.4.

The simultaneous recovery of multiple nutrients can be achieved through the
formation of struvite, a crystalline mineral generated via a precipitation process
involving nitrogen, phosphorus, and magnesium. Struvite is of particular interest
not only as a nutrient recovery pathway but also as a fertilizer, owing to its slow
and controlled release of nutrients, which makes it well suited for agricultural
applications (Vidlarova et al. 2017). The precipitation reaction occurs when
ammonium, magnesium, and phosphate ions are present in sufficient
concentrations to exceed the solubility product of the mineral. Under these
conditions, an equimolar ratio of the three elements leads to the formation of a
crystalline solid with the chemical composition MgNH4PO4 H20. In addition to
ionic concentrations, struvite precipitation is strongly influenced by pH, which
must be maintained under alkaline conditions to favor crystal formation (Lorick et
al. 2020).

Despite its advantages, the practical implementation of struvite recovery from
digestate presents several challenges. Digestate is often characterized by
insufficient Mg concentrations, requiring the addition of external Mg sources.
Furthermore, alkaline conditions are necessary to promote precipitation, which
typically entails the use of chemical additives to increase pH, thereby increasing
operational costs and potentially compromising process sustainability.

Several strategies have been proposed to address these limitations. Siciliano e
De Rosa (2014) suggested the use of magnesium-rich waste materials as
alternative sources of magnesium. In their study, seawater bittern, a by-product of
the marine salt industry, was employed as a magnesium supplier. Phosphorus
deficiency in liquid digestate was addressed through the addition of bone meal, a
residue derived from the thermal treatment of meat-processing waste. Both
approaches are particularly relevant from a circular economy perspective, as they
promote the valorization of waste streams while reducing the need for virgin raw
materials.

An alternative to struvite formation is the precipitation of vivianite, a mineral
with the chemical formula Fe(PO4), 8H>O, which can be produced under less
restrictive operational conditions than struvite and can be used as a phosphorus
fertilizer. Vivianite precipitation does not require elevated pH values and can
therefore be more easily integrated into existing treatment schemes. This approach
can be combined with membrane separation processes to achieve phosphorus
removal efficiencies close to 100%, although further research is required to
demonstrate its feasibility at larger scales (Piash et al. 2022).
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Calcium phosphate precipitation represents another potential pathway for
phosphorus recovery. However, this process is characterized by complex reaction
mechanisms and requires highly supersaturated conditions and alkaline pH values.
In wastewater treatment applications, sodium hydroxide is often added to promote
precipitation, as organic acids and carbonates present in digestate tend to lower
pH and hinder crystal formation. The use of hydroxide, however, significantly
increases operational costs. For this reason, electrochemical precipitation has been
proposed as an alternative, as it enables pH control without the addition of
chemical reagents (Lei et al. 2017). Nevertheless, additional research is needed to
assess the long-term sustainability and economic viability of this technique.

As previously discussed, membrane technologies can be employed for
ammonia recovery, but they can also be integrated with precipitation processes to
enable the simultaneous recovery of nitrogen and phosphorus. In such integrated
systems, liquid digestate is first subjected to membrane separation to capture
ammonia, which results in a reduction of system alkalinity. This change in
chemical conditions favors subsequent phosphorus precipitation (Gonzélez-Garcia
et al. 2023). Magnesium chloride is commonly added at this stage to promote the
formation of magnesium phosphate precipitates, thereby enabling efficient
phosphorus recovery (Vanotti et al. 2017).

Finally, vacuum membrane distillation can be combined with phosphate
precipitation to enhance ammonia recovery. This process operates under relatively
mild conditions, with temperatures in the range of 50-60 °C and vacuum
pressures between 50 and 100 mbar. Under these conditions, ammonia permeates
through the membrane following the evaporation of the liquid phase induced by
vacuum. Recovery efficiencies approaching 90% have been reported; however,
further investigations are necessary to optimize process performance and assess
scalability (Karanasiou et al. 2023).
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Table 1.4 Pros and cons of phosphorous recovery techniques from digestate.

Removal efficiency (on total P

Technique Benefits Disadvantages content) TRL References
Struvite e  Simultaneous e Need for high Mg (Vldlayova etal.
C . 2017; Lorick et al.
precipitation recovery of N, concentration 88% 7-9 )
. . . 0 2020; Saerens et al.
Mg, and P e  Alkaline chemicals required 2021)
Vivianit .
tvianite. * Snjnp ler e New technology to be further . (Uzkurt .
precipitation conditions of d d ~100% 6 Kaljunen et al. 2022;
production eepene Piash et al. 2022)
Calcium (Martin-
phosphate e Efficient and e C 1 diti 6-7 Hernandaez et al.
precipitation economic OMPIEX Process conarions 37% 2021; Lei et al.

2017)
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1.4.4 Humic and fulvic acids

Recently, earth population has grown exponentially hence intensive crops
have become necessary to satisfy food requirements. Bio-stimulants are
substances which acts on plant growth enhancing productivity and tolerance to
damaging events. Among them, humic (HA) and fulvic acids (FA) are interesting
as they can be obtained from digestate. They differ in molecular weight as humic
acids are heavier compared to fulvic acids. Moreover, the first ones are soluble in
alkaline solutions while the second ones are soluble in both alkaline and acid
solutions (Canellas et al. 2015; Khan and Nordberg 2018). These acids can be
employed in returning carbon to soil improving its quality (Slepetiene et al. 2020).
Furthermore, they have several beneficial effects on soils and plants. Humic acids
act on roots root growth as they include metals in their structure which are
essential in plant development. They also concur in optimizing nutrients nutrient
absorption and resilience to salinity sources such as NaCl (Adil Aydin 2012).
Fulvic acids influence micronutrients micronutrient uptake too. They facilitate the
mobilization and transport of iron and other nutrients. They are also responsible
for optimum plant growth together with an increasing in fruit yield and quality
(Calvo et al. 2014). Their action on soils includes an improvement in its water
retention and structure. Humic and fulvic acids are typically removed from
digestate through and acid-alkali method (X. Wang et al. 2021). These substances
can be released by degrading flocs and cells which constitute digestate. Alkaline
method through NaOH or KOH is recommended as it is the easiest and most
efficient (H. Li et al. 2014). Base solution is coupled to centrifugation to allow a
separation between insoluble and soluble humin particles. The second ones
remain in a supernatant which is treated through an ultrafiltration membrane. This
step is necessary to recover low molecular weight fulvates which are in the
permeate. The concentrate is acidified with HCI to obtain humic and fulvic acids
(Sarlaki et al. 2019).

1.4.5 Solid phase valorization

The carbon content in the solid fraction of digestate typically ranges between
15-55 % w/w and represents a valuable resource that can be exploited as a carbon
source in subsequent fermentation processes, such as bioethanol or biomethane
production (Sambusiti et al. 2015; W. Wang et al. 2023a). To enhance the
biodegradability of this fraction, several pre-treatment strategies can be applied,
including mechanical, thermal, chemical, and biological methods (Sambusiti et al.
2016).

Mechanical pre-treatments are particularly advantageous because they do not
require chemical additives and therefore avoid the formation of inhibitory
compounds such as furans and polyphenols. These substances are commonly
generated during thermal or chemical pre-treatments and are known to negatively
affect microbial activity. Mechanical approaches promote particle size reduction
and decrease polymer crystallinity, thereby improving substrate accessibility and
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biodegradability. Among size-reduction technologies, mills and extruders are the
most frequently employed (Florian Monlau et al. 2019).

Chemical pre-treatments involve the addition of acidic or alkaline reagents,
such as sulfuric acid or sodium hydroxide. Alkaline pre-treatments are generally
more effective in promoting saccharification, particularly for lignocellulosic
residues, as they facilitate lignin solubilization and structural disruption. In
contrast, acidic pre-treatments mainly cause fiber disintegration but may limit
sugar release and increase the risk of inhibitor formation (Stoumpou et al. 2020).

Pre-treatment strategies can also be combined to enhance overall process
efficiency. For example, Wang et al. (2016) applied a sequential ozone and
aqueous ammonia pre-treatment to digestate derived from rice straw anaerobic
digestion, achieving significant degradation of residual fibers and improved
ethanol production through subsequent digestate fermentation. Conversely, when
the carbon-rich solid fraction is not intended for further biological conversion,
thermochemical pathways should be considered. These processes, which enable
the production of char-based materials, represent a promising valorization route
and have gained increasing attention in recent decades due to their potential
contribution to resource recovery and circular economy strategies.

1.4.5.1 Char from the solid fraction of digestate

Thermochemical processes such as pyrolysis, gasification, and hydrothermal
carbonization enable the valorization of solid digestate.

Pyrolysis is a promising technique for the efficient degradation of biomass
under oxygen-free conditions. This process generates three main products: bio-oil
(liquid), biochar (solid), and pyrogas, which is a gaseous mixture mainly
composed of CO, Hz, CH4, ethylene, and C3 compounds (Nanda et al. 2014).
Pyrolysis typically operates at temperatures ranging from 300 to 1000 °C. Based
on the heating rate and residence time, it can be classified as slow or fast. Slow
pyrolysis is characterized by long residence times, from minutes to hours, and low
heating rates between 0.1 and 10 °C per minute, leading to higher biochar yields,
typically between 25-35 % of the initial biomass. Fast pyrolysis, on the other
hand, operates with short residence times, between 0.5-5 seconds, and high
heating rates ranging from 10 to 10000 °C per minute (Tan et al. 2021; Nanda et
al. 2014).

Gasification is another thermochemical process that degrades biomass under
sub-stoichiometric oxygen conditions. It is typically carried out at temperatures
between 600-1300 °C, resulting in the formation of syngas, a tar-rich liquid phase
composed mainly of aromatic compounds, and a solid char fraction (Pecchi and
Baratieri 2019). Both pyrolysis and gasification require biomass with low
moisture content to minimize energy losses due to water evaporation. As a
consequence, a drying step is often required prior to treatment (WisSniewski et al.
2015).

Humid digestate can instead be treated through hydrothermal carbonization or
hydrothermal liquefaction, which take place in the aqueous phase. Hydrothermal
carbonization is generally performed at mild temperatures, typically between 180-
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250 °C, with reactor pressure governed by steam and gas formation (Xie et al.
2022). The process produces a gas phase mainly composed of CO», a liquid
fraction containing water and soluble organic compounds, and a solid product
known as hydrochar. Hydrochar is often rich in phosphorus, which can be
recovered through precipitation or extraction techniques (X. Zhao et al. 2018).

When higher temperatures, between 200-380 °C, are applied, the process
shifts toward hydrothermal liquefaction. This pathway sterilizes the residue and
generates a larger amount of liquid products compared to hydrothermal
carbonization (Azargohar and Dalai 2008). The liquid fraction can be separated
into a bio-oil phase, characterized by a high heating value comparable to fossil
fuels, and an aqueous phase rich in nutrients that can be recycled back into the
digestion process or used for nutrient recovery. A solid residue is still produced
and is commonly applied as a soil amendment (Farghali et al. 2022; Okoro and
Sun 2021).

Char materials are porous solids that contribute to climate change mitigation
through carbon sequestration, making them valuable for carbon capture strategies.
When applied to soils, char improves nutrient retention, water-holding capacity,
and microbial activity. In both DF and AD systems, the addition of char has been
shown to enhance microbial performance and nutrient release (J. Tang et al.
2013). The chemical structure of char contains a wide variety of functional
groups, making it a versatile material that can be further modified through
physical or chemical activation to improve its properties (Sajjadi, Zubatiuk, et al.
2019). Physical activation increases surface area and porosity by exposing char to
gases such as steam or CO», leading to the formation of micropores and oxygen-
containing functional groups that enhance contaminant adsorption from water and
soil (Sajjadi, Chen, et al. 2019). Chemical activation involves the impregnation of
char with activating agents such as zinc chloride, phosphoric acid, or potassium
hydroxide, which modify surface functional groups. These treatments generally
require lower temperatures and shorter processing times compared to physical
activation (Williams and Reed 2004). A subsequent thermal treatment is often
applied to dehydrate the material, enhance porosity, reduce tar content, and
generate volatile compounds (Azargohar and Dalai 2008).

The properties of biochar and hydrochar vary significantly depending on the
production process, as summarized in 7Table 1.5. Biochar produced via pyrolysis
or gasification generally exhibits a higher ash content than hydrochar due to the
retention of inorganic fractions at high temperatures. This difference results in
distinct pH wvalues, with biochar typically showing alkaline characteristics,
reaching pH values up to 9 or 10, while hydrochar is usually acidic, with pH
ranging between 4 and 7 (Fuertes et al. 2010). Differences are also observed in
morphology, as the higher temperatures and gas flow involved in pyrolysis and
gasification promote greater surface area development in biochar (J. Fang et al.
2018). Compared to hydrochar, biochar exhibits higher aromaticity, larger H over
C and O over C ratios, and electrical conductivity, enabling it to act as an electron
shuttle between syntrophic bacteria and methanogens (Z. Liu et al. 2010; Sun et
al. 2022).
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Table 1.5 Characteristics of char obtained through hydrothermal carbonization (HTC) and pyrolysis (PY) in terms of process temperature, char yield, char pH, % of fixed carbon, specific
surface area (SSA), porosity, and application. N.A =not available.

Fixed

Yield SSA P 1
Type Substrate T (°C) (wlti %) pH cal;bon (m/g) (:;:; /‘;)) ume Application References
(%)
Digestate In addition to the (Aragon-
HTC from AD of 220 73.4 7.14 9.05 N.A. N.A. anaerobic digestion of Briceifio et al.
sewage sludge process water from HTC 2017)
Digestate
from AD of corn NA Upgrading to (Rodriguez
HTC silage, grass 190 70.0 ' 19.40 14 0.35 activated carbons to adsorb Correa et al.
silage, and cattle CO; in biogas purification 2017)
manure
Digestate
M t
HTC  from AD of 190 72.0 5 NA. 12.3 0.096 NA. ai 2‘8?;;‘6 ¢
maize silage ’
Digestate (K. R.
HTC from AD of 150 90.0 6.5 6.60 N.A. N.A. Soil amendment Parmar and Ross
sewage sludge 2019)
Digestate L
N.A
PY  from AD of food 400 443 29.49 73.99 0.1 NA. | (ingxin
aste Liu et al. 2020)
w
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Adsorbent for

Digestate i

PY  from AD of food 600 336 N-A 13.09 89.23 0.07205 pollutants, soil amendment (N. Wang
catalyst to enhance the et al. 2022)
waste .
biorefinery

Digestate .
PY  from AD of food 400 73.0 9.81 4.65 53.13 0.1 NA. (2%2%; ctal.

waste

Digestate i

Pituello et

PY from AD of 550 63.0 10.3 NA. 58.6 0.065 Soil amendment (Pituello e

sewage sludge

al. 2015)
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1.5 Aim of the work

The aim of this PhD thesis is to investigate the valorization of biomass waste
for sustainable bioenergy production through integrated biological conversion
pathways. To this purpose, different waste streams were treated using DF, AD,
and TSAD, with the objective of intensifying conventional biological processes,
increasing energy yields, and simultaneously addressing waste management
challenges, which have become increasingly critical in recent years.

Both plant-based and animal-based residues were considered to evaluate the
flexibility and robustness of the proposed approach. Plant-derived substrates
included fruit and vegetable waste, wastewater from the jam industry, and a by-
product stream from syrup production. Animal-based matrices comprised cow
manure, dairy processing wastewater, and primary sludge from a municipal
wastewater treatment plant. TSAD was applied to plant-based feedstocks to
enable the sequential production of H, and CHy, thereby maximizing energy
recovery from carbon-rich biomass. In contrast, animal-derived residues were
mainly treated through conventional anaerobic digestion combined with process
intensification strategies aimed at improving overall performance. In particular,
post-digestion treatments were investigated to enhance the biodegradation of
substrates characterized by a high content of lignocellulosic compounds.

In addition to bioenergy production, digestate valorization was explored to
further strengthen the circular economy framework of the system. Specifically,
humic acids were extracted from the digestate obtained after TSAD of fruit and
vegetable waste and jam industry wastewater, to assess the feasibility of an
integrated biorefinery concept capable of generating value-added products
alongside energy carriers.

To evaluate the practical applicability of the proposed solutions, a techno-
economic assessment (TEA) and LCA were carried out. These analyses were used
to investigate the economic feasibility and environmental sustainability of an
integrated plant designed for the simultaneous production of bioenergy and soil-
and plant-enhancing products, as well as to quantify the associated emissions and
environmental impacts.

Overall, this research proposes an integrated and sustainable system for
biomass waste valorization, combining waste reduction, renewable energy
generation, and resource recovery. The ultimate goal is to contribute to the
mitigation of fossil fuel depletion while meeting current sustainability
requirements through the development of circular and environmentally
responsible bioenergy pathways.
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Chapter 2

2. Two-stage anaerobic digestion
of fruit and vegetable waste:
optimization of dark
fermentation through thermal
pretreatment and co-digestion
with sugar-rich wastewater

The material presented in this chapter has been published in the article:
Gaia Mazzanti, Francesca Demichelis, Debora Fino, Tonia Tommasi,
"Two-stage anaerobic digestion of fruit and vegetable waste: optimization
of dark fermentation through thermal pretreatment and co-digestion with
sugar-rich wastewater"

Bioresource Technology, Volume 440, 2026, 133423, ISSN 0960-8524,
https://doi.org/10.1016/j.biortech.2025.133423.

2.1 Introduction

2.1.1 Fruit and vegetable waste management

The exponential population growth has led to an increase in biomass waste
generation from anthropogenic activities. Food waste is a major contributor to
biomass waste, driven by the need to meet the growing global demand for food.
Each year, an estimated 59 million tons of food waste are generated across the
EU, with 54% originating from households and 46% occurring within the food
supply chain (Eurostat 2022). Notably, half of household food waste is linked to
the consumption of fresh fruits and vegetables, while a significant portion also
arises from agricultural and industrial sectors (Martinez-Mendoza et al. 2023; De
Laurentiis et al. 2018). Fruit and vegetable waste (FVW) is typically managed
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through landfilling or composting. Landfilling remains a common disposal
method due to the biodegradability of FVW. However, its use has been
increasingly restricted due to associated environmental issues, such as methane
emissions and leachate formation. Leachate, resulting from water infiltration into
the soil, contaminates it with organic matter, salts, pollutants, and heavy metals.

To address these concerns, composting has been proposed as a sustainable
alternative for managing easily biodegradable waste like FVW. This process
involves the aerobic degradation of organic matter into CO»>, NH3, and N, with
the production of a solid residue known as compost. Rich in humic substances,
compost can be used as a soil amendment. On the other hand, composting can also
lead to odors, leachate production and greenhouse gases emissions, posing an
additional environmental challenge (Garcia-Randez et al. 2025; Esparza et al.
2020; K. Brown et al. 2013).

Effective management of FVW is essential to mitigate health risks, odors, and
environmental contamination from leachates and emissions. However,
conventional disposal methods contribute to environmental pollution and are
associated to an economic and resource loss. In this context, converting biomass
residues into bioenergy and biochemicals offers a promising solution, aligning
with circular economy principles by transforming waste into a renewable
resource. This approach supports the Sustainable Development Goals 2030, which
promote circularity in human activities (European Commission 2015).

FVW results particularly suitable for microbial process due to the high
humidity and carbohydrates content of FWV as well as the presence of others
compounds useful in microbial growth (Martinez-Mendoza et al. 2023). Moreover
its utilization is convenient as FVW is easily available and affordable (Soltan et
al. 2024). Two-stage anaerobic digestion (TSAD) has been proposed as biological
process to exploit FVW.

2.1.2 Thermal pretreatments

The microbial community involved in dark fermentation must be free of
methanogens, so inoculum pretreatment is required to remove them and promote
the growth of hydrogen-producing bacteria.

As discussed earlier, thermal and acid pretreatments are the most commonly
applied methods in dark fermentation processes. Although some studies report
chemical pretreatment as the most effective approach, others show that heat-shock
treatment is more efficient in suppressing methanogens and improving hydrogen
production (Al-Haddad et al. 2023; Chen et al. 2021). Nevertheless, considering
the goals of waste reduction and minimizing the use of non-renewable chemicals,
thermal pretreatment appears to be the more sustainable and environmentally
preferable option.

Thermal pretreatment can also be applied to substrates to solubilize the outer
layers and enhance subsequent conversion (Agrawal et al. 2023). Ruggeri et al.
(2013) investigated several pretreatment methods on market organic waste,
including acid (HCI 2N to pH 3), alkaline (NaOH 2N to pH 12), thermal (120 °C
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for 5 to 90 min), thermal-acid (HCl 2N at 120 °C for 15-30 min), and thermal-
alkaline (NaOH 2N at 120 °C for 5-30 minutes). Their results demonstrated that
thermal-acid pretreatment was the most effective, increasing energy production by
10 times. Similarly, Li et al. (2016) applied thermal pretreatment (55-160 °C for
15-120 min) to kitchen waste prior to anaerobic digestion. Their findings
confirmed that thermal treatment, particularly at temperatures below 120 °C and
durations of 15 min, improved CHj4 yield, reduced digestion time, and enhanced
overall process efficiency.

2.1.3 Sugar source in dark fermentation

Glucose is commonly employed as a model sugar source in DF studies due to
its high bioavailability. For example, Mizuno et al. (2000) conducted DF in a 2.3
L continuous stirred-tank reactor (CSTR) at 35 °C with pH maintained at 6. A
culture medium containing 10 g/L of glucose was added to the inoculum, resulting
in a Hz content of 53 % in the biogas and a H: yield of 110 mL/gcarbonydrates.
Similarly, Kumar e Das (2000) performed DF in 50 mL rubber-stoppered conical
flasks at 36 °C over 10 h, using 1 % glucose. This setup achieved a H» yield of
270 mL/ Zcarbohydrates.

Beyond glucose, other sugars have also been explored for DF. Fang et al.
(2002) investigated the use of sucrose in a 3 L fermenter at 26 °C, maintaining the
pH at 5.5. Sucrose was initially provided at a concentration of 2 g/L. and gradually
increased to 12.15 g/L.. The resulting biogas contained 63 % H, with a H» yield of
280 mL/gcarbohydrates, demonstrating the viability of sucrose as an effective sugar
source for DF.

However, the use of commercial sugars such as glucose and sucrose poses
economic challenges for large-scale biogas plants. To address this, alternative
sugar sources have been considered. Zagrodnik (2022) evaluated lignocellulosic
hydrolysates, which are rich in cellobiose, xylose, and arabinose. These sugars are
typically released during lignocellulosic biomass pretreatment. The study was
conducted in a 0.2 L CSTR operated at 32 °C, with pH adjusted using NaOH
across a range of 4.0 to 7.5 to assess optimal conditions for DF. Cellobiose was
completely converted under all conditions, while xylose and arabinose showed the
highest conversion at pH 6 and 7, respectively. Overall, the most efficient sugar
conversion occurred between pH 5.5 and 7.5, which aligns with the optimal pH
range for DF. These findings also highlighted the lower degradability of pentoses,
emphasizing that DF performance is strongly influenced by the type of sugar
present in the substrate.

Among alternatives to commercial sugar sources, jam industry wastewater
represents a novel and mostly underexplored waste. Mohan e Sunny (2008)
investigated the biomethanation of wastewater from the jam industry, testing
methane production in both batch and continuous systems using 2 L reactors. In
batch experiments, a 90 % reduction in soluble COD was achieved within three
days of operation. The continuous system demonstrated a COD removal
efficiency of 83.6 %, confirming that anaerobic digestion can significantly reduce
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the organic content of jam production wastewater while generating methane.
Ruffino e Zanetti (2017) studied the anaerobic digestion of wastewater from a
fruit processing plant, which included liquid waste from fruits and spent
processing water used for sanitation and cleaning. Digestion was carried out in 6
L reactors at 38 °C, yielding 0.329 Nm? of methane per kg of volatile solids (VS).
Based on experimental results, a new reactor was designed to integrate the
anaerobic digestion process into the factory, demonstrating its potential to reduce
disposal costs and lower CO; emissions.

2.1.4 Goal

To the best of the authors’ knowledge, research on the use of jam wastewater
(JWW) remains scarce, and no studies have specifically focused on TSAD.

The study first evaluates the activity of the inoculum to determine its
suitability for DF with simple sugars. Thermal pretreatment is tested to evaluate
its compatibility with the specific inoculum used. Subsequently, DF process is
applied to a mixture of FVW and JWW to evaluate hydrogen production through
co-digestion. Then, TSAD was tested to examine the influence of the substrate-to-
inoculum (S:I) ratio and substrate pretreatment on H> and CHg yields. Finally, the
effects of OLR and reactor scale were examined in order to gain a deeper
understanding of key operational conditions and to assess the implications of
scaling up the process.

To address the limited use of jam wastewater, this study investigates its
integration with a common substrate such as FVW offering an alternative solution
for managing biomass waste. This approach not only facilitates energy production
but also reduces the reliance on fresh water, leveraging the water content present
in JWW. Overall, this work supports circular economy goals and contributes to
more environmentally friendly energy systems.
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2.2 Materials and method

2.2.1 Substrates and inoculum characterization

The inoculum employed in DF and AD was the mesophilic digestate of cow-
agricultural sludge (CAS) provided by “Cascina La Speranza” (Fossano, Cuneo,
Italy). FVW was collected from household residue (mass composition of 75%
vegetables and 25 % fruits) and chopped through a kitchen blender. JIWW was
supplied by a local agricultural cooperative (Piedmont, Italy) as the water
employed to wash jam production equipment. Both FVW and JWW were frozen
at -18 °C after their collection to avoid natural decomposition. Then they were
defrosted before being fed into the fermentation system. JWW, FVW and
inoculum characterization are presented in 7able 2.1. All the experiments have
been performed with the same lot of JWW, FVW and inoculum to ensure the
reproducibility and comparability of the achieved results.

2.2.2 Inoculum thermal pretreatment

In the present study, inoculum was thermally pretreated at 60 °C for 30 min to
eliminate H>-consumers and favor sporulation of H»-producers. Time and
temperature were chosen in accordance with literature results (Ravindran et al.
2010; Hidalgo et al. 2023). Inoculum was heated in the oven covered by
aluminum foils to avoid significant water evaporation from the samples.

2.2.3 Process setup and operative condition

DF and AD were performed in 250 mL Pyrex glass bottles (Duran, Germany)
with a working volume of 80 % at 35°C. The heating was controlled by a 55 L
thermostatic water-bath (Julabo-Corio-C, Merck, Germany). Reactors were
operated in batch feeding mode with 6% of total solids and shaken manually to
keep the mixture homogeneous inside the reactor. Each reactor was sealed with a
two-port cap. Through one of the ports, anaerobic conditions were assured by
purging N> directly inside the biomass to change the volume of the reactor three
times and closing the port. The second port was connected to a 1 L Teddlar gas
bag where biogas was collected. The duration of each assay depended on biogas
or H> production: testing was stopped when daily Hz (for DF tests) and biogas (for
AD tests) production was less than 1 % of the overall production recorded during
the period of preparation (VDI 4630 2006). The experimental campaign consists
of three main experiments and all the campaigns were studied in replicates. The
pH of each reactor was measured at the beginning and at the end of the
experiments. In the first test, no pH adjustment was applied in order to monitor
how the pretreated inoculum behaved in terms of natural pH variation during dark
fermentation. In the second and third experiments, when necessary, HCl was
added to the reactors to lower pH to around 6-7 in DF. AD pH was maintained
between 7 and 8.
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In the first experiment, eight configurations were tested to investigate the role
of the inoculum in the DF. In detail, the utilization of the inoculum thermally pre-
treated (to inhibit the methanogenic consortia), the addition or not of a medium
culture, and the effect of the source of sugar employed (glucose or sucrose) were
compared. The medium culture was prepared based on (H. H. P. Fang et al. 2006),
then modified to avoid precipitation of metals. In each 250 mL bottle, 2 mL of
metals solution, 2 mL of yeast solution, 2 mL of phosphates solution, 2 mL of
calcium solution (CaCly) and 0.5 g of ammonium were added. Glucose and
sucrose were added at a concentration of 50 g/L and 25 g/L, respectively. These
concentrations were chosen to get the same number of monosaccharide units,
since sucrose splits into two sugars (glucose and fructose). This keeps the total
sugar units equal for the reactions.

In the second experiment, eight configurations were tested to explore: source
and content of sugar employed (the commercial sugars among glucose and
sucrose resulting most performing from experiment 1 and JWW) and the H; yield
from the DF of FVW, employed as substrate. The mixture of FVW and JWW was
tested in a ratio of 19:1 (95/5 %, marked with A) and 5.67:1 (85/15 %, marked
with B), based on VS. These quantities were chosen to decrease as much as
possible the utilization of clean water in order to have total solids at 6 %. Since
JWW contained 7.7 g/L of glucose, sucrose was added to supply the system with
the same amount of monosaccharides provided by JWW. The inoculum was
thermally pretreated for each configuration. The ratio between substrate and
inoculum was maintained equal to 1:1 based on VS.

In the third experiment, DF was tested on a mixture of FVW and JWW and
TSAD was performed. Four configurations were tested: application or not of
thermal treatment on FVW and S:I either 2 or 1. Thermal pretreatment was
applied to FVW during the first stage of TSAD experiments to test its efficiency
in improving the biodegradability of biomasses. A temperature of 60 °C was
applied for 30 min as inoculum pretreatment to minimize the energy consumption
of the process. FVW was heated in the oven covered by aluminum foil to avoid
significant water evaporation from the samples. The ratio between FVW and
JWW was chosen depending on the configuration which achieved the highest H»
in the previous experiment. The second stage of the process, the AD, was
performed on DF digestate which acted as a substrate. S:I was maintained at 1 and
the inoculum was not pretreated. A summary of configurations characteristics is
presented in Table 2.2. Single-stage AD was performed on the two configurations
from the third experiment that showed the highest H» yields: one with a S:I ratio
of 2:1 and another with a ratio of 1:1.

The effect of OLR during DF was evaluated using the configuration that had
achieved the highest H> yield in the third experimental phase, without applying
thermal pretreatment to the substrate.

Scale-up test of TSAD was carried out using the configuration that had
produced the highest CH4 yield in the TSAD experiments with FVW and JWW.
For operation at a larger volume, a 5-L tank was used as reactor. A port was
installed on the tank lid to allow the connection of a tube leading to a 5-L Tedlar
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gas bag for biogas collection. All operational conditions matched those applied in
the smaller-scale experiments, ensuring comparability between scales.

2.2.4 General design of anaerobic digestion

As mentioned, AD was designed depending on TS fed to the system and the
relative ratio between substrates and inoculum VS (Sr:Ir). Accordingly, the
required amounts of inoculum and substrates were determined using the equations
below, where xi represents the fractional contribution of each substrate in the case
of co-digestion.

TSteq [8] = Vw[mL] - TSgeq[%]

@.1)

TSteq [8]
VSteq [8] = - i
S . Z Xj + R
RO&1VSgi[%] © VSi[%]
2.2)
SR IR
VSsilgl = xi * —* VSgeqlg] VSilgl = — VSs;ilgl
IR SR i
2.3)
VSs,ilgl VS [g]
TSq: . TS =
(2.4)
S [¢] TSs; [g] 1[g] = TS; [g]
B! = TS %] &= TS, [%]
2.5)

Finally, the eventual quantity of water to add or remove, to reach the set TS%
content, was calculated according:

Water [g] = Vyw[mL]-S [g]-I[g]
(2.6)
2.2.5 Analytical methods and data elaboration

Inoculum, FVW and JWW were characterized in terms of TS, VS, and elemental
analysis (CHNS, O as difference). TS and VS were measured according to (EPA
2001). To assess the evolution of the AD process, digestate samples were
collected at the end of the experiment and analyzed for TS, VS, and CHNS.
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Results of these analyses will be reported in Appendix A. Humidity and TS were
measured by drying the samples overnight at 105 °C using a U110 oven
(Memmert, Germany). VS were quantified on a dry-matter basis by igniting the
dried samples at 550 °C for 6 hours with a heating rate of 10 °C/min in a
Carbolite-Gero CWF 12/13 furnace (UK). The parameters were determined as
shown below:

. W,
Total Solids (TS) = — %
W,

@2.7)
Humidity = 01 o
y W, 0
(2.8)
. . W;-W,
Volatile Solids (VS) = %
Wo
(2.9)

Ashes = % %
w,

(2.10)

where W, is the initial fresh weight of the sample; W; is the dry weight of the
sample after drying at 105 °C; W, is the weight of the sample after combustion to
ash at 550 °C.

pH was measured with PC 80+ DHS® (XS Instruments, Italy).

Elemental composition was determined on dry basis through an elemental
analyzer (Elementar vario Macro Cube) where solid dried samples of 20 mg were
investigated to obtain carbon (C), hydrogen (H), nitrogen (N), sulfur (S) and
oxygen (O) percentages. For quantifying sugars content in JWW, HPLC
(Prominence Shimadzu, Kyoto, Japan) was employed. It was equipped with a
refractive index detector (RID-10A Shimadzu, Kyoto, Japan) and a 300 mm x 7.8
mm ROA-Organic Acid H" (8%) column (Phenomenex, Torrance, USA).

Biogas composition was evaluated through Micro-GC (SRA) equipped with
Molsieve 5A (using argon as carrier) and PoraPlot U (using helium as carrier)
columns, along with a TCD detector. The composition was analyzed daily along
with the biogas volume produced by emptying each gas bag with a 60 mL syringe.
To quantify the net biogas and biomethane production attributable to the substrate,
daily and cumulative values were calculated after correcting for inoculum-derived
gas, according to:
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Net Biogas Production of Substrate [NmL/gys substrate] =

Biogas Production of I&S [N mL]-Biogas Production of I [N mL/gvs moculum] * £vS Inoculum

8VS substrate

(2.11)

For quantifying VFAs, HPLC (model LC40DXR, Shimadzu, Kyoto, Japan)
was employed with a KINETEX 5 pum EVO C18 column, measuring 150 x 4.6
mm (Phenomenex, Torrance, USA). HPLC analysis was performed on the liquid
fraction of digestate, obtained through centrifugation at 13000 rom for 10
minutes.

The experimental data of biogas productions were subjected to one-way
ANOVA to compare the mean results of process conditions on DF and TSAD
performances. After the ANOVA, Duncan’s post-hoc test (p < 0.05) was
performed.
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2.3 Results

2.3.1 Characterization of inoculum and substrates

The inoculum and substrates were characterized based on TS, VS, and elemental
composition using a CHNS analyzer. The results of this analysis are presented in
Table 2.1. The TS content of the inoculum and FVW were comparable, whereas
the JWW exhibited a significantly lower TS content, not even reaching 1%, due to
its highly diluted nature.

As expected, the inoculum had a lower VS percentage, reflecting its higher
inorganic content. This inoculum derived from the digestate of an AD process
treating agricultural waste contains the residual compounds that were not
degraded during digestion, along with a fraction of organic matter indicated by the
VS/TS (Niya et al. 2023). In contrast, both FVW and JWW exhibited a high
proportion of volatile solids, consistent with their composition being primarily
made up of easily biodegradable organic compounds (Martinez-Mendoza et al.
2023).

While literature reports a wide variability in TS and VS/TS values of FVW, the
average TS content tends to be slightly higher than that observed in this study,
typically around 11 % (Magama and Chiyanzu 2021; Scotto di Perta et al. 2022;
Soltan et al. 2024). However, the VS/TS ratio in our samples aligns with the
findings of (de Quadros et al. 2023), indicating a high content of biodegradable
material, making these substrates suitable for biological conversion processes.
Regarding elemental composition, carbon and nitrogen are critical parameters.
The optimal carbon-to-nitrogen (C/N) ratio for microbial activity generally ranges
from 15 to 30 (Mazzanti et al. 2025), ensuring sufficient organic carbon for
energy and adequate nitrogen for microbial growth and metabolism. In this study,
the combined use of FVW and JWW resulted in a C/N ratio of approximately 15,

eliminating the need for additional chemical supplementation.

Table 2.1 Chemical and physical characterization of inoculum, fruit and vegetable waste (FVW) and
jam wastewater (JWW).

Inoculum FVW JWW

TS (%) 7.00 £ 0.00 7.50+0.01 0.94 £ 0.00
VSITS (%) 72.73 +0.02 92.95 +0.02 9567+ 0.03
N (%) 3.18+0.35 2.60+0.29 0.96 + 0.02

C (%) 37.43+1.26 39.41 433 52.86 + 3.98

H (%) 5.17+1.28 5.54+0.44 6.75+0.28
S (%) 0.44+0.16 0.50 + 0.04 0.31 +0.04

0 (%) 53.78 £2.72 51.96 + 5.03 39.14 + 4.23
C/N 11.77 £1.35 15.18 £2.37 5535+ 430
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Table 2.2 Configurations tested across three experiments: (i) first, varying inoculum thermal pretreatment,

culture medium addition, and sugar source; (ii) second, varying sugar source and adding FVW with A =
FVYwW:Jww 19:1 (VS basis) and B = FVW:JWW 5.67:1 (VS basis), (iii) third, varying FVW thermal

pretreatment and the S:1 ratio.

FIRST EXPERIMENT
Configuration Inoculum Thermal Pretreatment Sugar source Culture medium
G NO Glucose NO
S NO Sucrose NO
G M NO Glucose YES
S M NO Sucrose YES
GT YES Glucose NO
ST YES Sucrose NO
GMT YES Glucose YES
SMT YES Sucrose YES
SECOND EXPERIMENT
Configuration Sugar source FYwW
SUCR_A Sucrose (A) NO
SUCR_B Sucrose (B) NO
JWW_A Jam wastewater (A) NO
JWW_B Jam wastewater (B) NO
SUCR_FVW_A Sucrose (A) YES
SUCR_FVW_B Sucrose (B) YES
JWW_FVW_A Jam wastewater (A) YES
JWW_FVW_B Jam wastewater (B) YES
THIRD EXPERIMENT
Configuration FVW thermal pretreatment S:I
JWW_FVW_1:1 no 1-1
JWW_FVW_2:1 no 2-1
JWW_FVW_T _1:1 yes 1-1
JWW_FVW_T 2:1 yes 2-1
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2.3.2 Role of the inoculum in dark fermentation

This experimental campaign investigated the role of the mesophilic digestate
of CAS used as inoculum in the DF of commercial and pure sugars. Specifically,
the study examined and compared the use of thermally pre-treated CAS inoculum
(to inhibit methanogenic consortia), the presence or absence of a culture medium,
and the impact of the type of sugar used (glucose or sucrose). The study
investigated eight configurations. A detailed summary of them is provided in
Table 2.2.

2.3.2.1 Effect of sugar source

Figure 2.1-a presents the biogas production (expressed as mean plus standard
deviation) over nine days for DF using glucose or sucrose as sugar source. There
is no lag phase since biogas production commenced from day 1 in all
configurations, demonstrating the effective activation of the inoculum in
degrading the respective sugar. However, a stationary phase was observed in most
configurations beginning around day 5.

A significant difference in DF performance was observed between
configurations fed with glucose (G, G M, G T, G M T) and those fed with
sucrose (S, S M, ST, S M T). Systems supplied with glucose exhibited
significantly lower biogas yields, reaching a maximum of 106 N mL/gys for G M
configuration, approximately one third the biogas production achieved in sucrose-
fed setups. A similar trend was observed for H» in Figure 2.1-b, with sucrose-fed
systems outperforming their glucose-fed counterparts, achieving higher yields of
both biogas and H». Glucose-fed setups experienced a marked reduction in both
biogas and H> production after the first day, which correlated with a significant
drop in pH, visible in Figure 2.1-f. Although the initial pH was approximately 8
due to the inherent alkalinity of the inoculum, DF process probably led to the
production VFAs, resulting in a pH decline across all configurations. In setups
using sucrose as the substrate, the pH drop was more moderate, with final values
around 6, which is an optimal range for DF activity. In contrast, configurations G,
G M, and G T exhibited a final pH of approximately 4, a level commonly
associated with microbial inhibition and reduced process efficiency (Elbeshbishy
et al. 2017). VFAs are toxic to cells because, in their undissociated form, they can
cross the cell membrane and disrupt cellular function, potentially leading to the
collapse of the microbial community (Chen et al. 2021). Moreover, a decrease in
pH can alter microbial metabolism and suppress H> generation (Chen et al. 2021).
The same trend can be observed for CH4 and CO: production with sucrose-fed
system presenting higher quantity of both gases compared to glucose-fed systems.
Regarding CH4, maximum yield was reached in S M T configuration with 29.8
N mL/gvs, as showed in Figure 2.1-c and -d. However, more visible differences
could be noted in CO; yield since sucrose-fed configurations produced more than
double the glucose-fed reactors, which is in accordance with biogas yield.
Statistical analysis revealed significant differences in the performance of glucose-
and sucrose-fed configurations. Specifically, sucrose-fed reactors showed
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significantly higher performance, highlighting the inoculum’s ability to
effectively hydrolyze disaccharides and convert them into Hz and COx.

2.3.2.2 Effect of thermal pretreatment and culture medium

Regarding the effect of thermal pretreatment, no substantial differences in
biogas production were observed between untreated and thermally treated
inoculum. In sucrose-fed configurations without a culture medium (S and S T),
the treated and untreated inoculum produced 325 and 320 N mL/gvs of biogas,
respectively. However, thermal pretreatment did accelerate the onset of maximum
H> production. Specifically, in thermally treated setups, maximum H; production
was achieved on day 4, reaching a maximum yield of 45.8 N mL/gvs for S T,
while in untreated inoculum, H> production was delayed until day 7, ultimately
reaching 42.1 N mL/gvs. Among the glucose-fed setups, only G M_T produced
H> (6.5 N mL/gvs), though the yield remained considerably lower compared to
that of sucrose-fed configurations. Although final H» yields were similar, thermal
pretreatment clearly facilitated a faster process startup which is an important
advantage for the potential scale-up of DF processes.

Concerning the contribution of the culture medium, its addition enhanced
biogas and H» production in glucose-fed setups, but the improvements were
limited due to the strong inhibitory effects observed after day 1. In sucrose-fed
configurations, the addition of a culture medium improved the rate of biogas and
H> production. When the culture medium was present, H> production became
visible from day 3, compared to day 4 in setups without the medium. However,
the maximum H> yield (45.8 N mL/gys) was achieved in the sucrose-fed
configuration without the culture medium (S_T). This finding suggests that mixed
cultures are well-suited for dark fermentation due to their resilience and ability to
withstand harsh conditions and a culture medium is not strictly necessary
(Mohanakrishna and Pengadeth 2024). No clear effect of thermal pretreatment
and culture medium was noted in CH4 and CO» production.

2.3.2.3 Biogas composition and discussion

Figure 2.1-e illustrates the composition of biogas, including H», CH4 and
COz. In DF processes, the H, content in biogas typically ranges between 10 % and
60%, depending on factors such as temperature and substrate composition
(Ghimire et al. 2015). In this study, the H> percentage in biogas remained below
15% in each configuration, reaching a maximum of 14.5 % in S_T. This result
was primarily attributed to the premature inhibition of the process, likely caused
by the decrease in pH due to the possible accumulation of VFAs alongside biogas
production (Chen et al. 2021). This effect was particularly visible in glucose-fed
configurations, where biogas and H> production sharply declined after day 1. In
all configurations the main component of biogas is CO», ranging between 78-92
%. The bars also show a portion corresponding to CH4 production, ranging from 4
% to 11 %, likely due to the survival of some methanogens after thermal
pretreatment. H» yields in this study can be compared to those reported by (J.
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Wang and Wan 2008), who investigated the effects of five different pretreatment
methods on digested sludge: thermal (100 °C for 15 min), acid (HCI), alkaline
(NaOH), aeration, and chemical (chloroform). All pretreatments enhanced H»
production from glucose compared to the untreated control, with yields ranging
from 85 to 220 mL/gvs. Among these, thermal pretreatment yielded the highest H
production, outperforming the results observed in the present study.

Similarly, (De Amorim et al. 2012) utilized an anaerobic fluidized bed reactor
to produce H> from thermally pretreated sludge (90 °C for 10 min), derived from
swine wastewater effluent. They achieved a maximum H> yield of approximately
130 mL/gys from glucose, using a HRT of 2 h and an initial glucose concentration
of 2 g/L. The study also found that increasing HRT and glucose concentration led
to decreased H> production.

Hu and Chen (2007) examined three pretreatment strategies: acidic (HCI),
thermal (boiling water for 10 -30 min), and chemical (chloroform). They were
applied to two inoculum types: anaerobic sewage sludge and methanogenic
granules. The culture medium contained 18.75 g/L of glucose. Acid pretreatment
had little positive effect on H» production for either inoculum. However,
chloroform addition at concentrations below 1% significantly enhanced H:
production in methanogenic granules, reaching a maximum of 135 mL/gvs at
0.05% concentration. Thermal pretreatment showed similar benefits, particularly
when the granules were boiled for 30 minutes, resulting in a yield of 118 mL/gys.

Overall, this experiment demonstrated the viability of CAS inoculum in DF
by effectively degrading both monosaccharides, such as glucose, and more
complex sugars, such as sucrose. The impact of thermal pretreatment was also
evaluated, and while its effect on enhancing total biogas and H» production was
not particularly visible, it was evident that pretreatment influenced the rate of
production by facilitating a faster startup of the process. The role of a culture
medium was also investigated, revealing that its presence is not essential for
improving process yield. This is an important consideration for scaling up DF, as
avoiding the use of a culture medium can lead to reduced operational costs.
Furthermore, this study underscored the critical role of pH in DF. Although the
initial pH was adjusted to 6 to promote fermentation, the rapid production of
VFAs led to a significant decline in pH, ultimately hindering the process.
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Figure 2.1 Results from the first experiment: a) biogas yield, b) H: yield, c) CHq yield, d) CO: yield, e) composition of total
biogas produced during dark fermentation considering H>, CHy and CO, f) pH value at day 0 and day 9.
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2.3.3 Dark fermentation of fruit and vegetable wastes with jam
wastewater

The second experimental campaign evaluated the technical feasibility of using
alternative sugar sources for H» production through DF. To reduce reliance on
commercial sugars, which could be cost-prohibitive at larger scales, sugar-rich
biomass wastes were considered potential alternatives. JWW, generated during
the cleaning of equipment in a blueberry jam production facility, could be an
option. This wastewater contains a monosaccharide concentration of
approximately 7.7 g/L. In this study, the performance of JWW as a sugar source
for DF was compared to that of commercial sucrose. Both sugar sources were also
used in the DF of real biomass waste, specifically FVW, to assess their
biocompatibility and effectiveness in Hz production.

The experiment was conducted considering eight configurations, with half
utilizing sucrose as the sugar source (since it was considered the most suitable
sugar source according to the main findings of paragraph 3.2) and the other half
employing JWW. A detailed summary of them is provided in 7able 2.2.

2.3.3.1 Effect of sugar source

Figure 2.2-a and -b illustrate biogas and H: production across the
configurations over a 7-day period. In the reactors containing only sugar sources
(SUCR_A, SUCR B, JWW_A, and JWW_B), the trends in H> and biogas
production differed noticeably. These configurations produced very low levels of
Hz, with yields close to 0 mL/gys, indicating that the systems failed to initiate
effective H> fermentation. In contrast, biogas production was relatively high,
likely due to COz released from carbon degradation and the presence of methane.
No clear difference was observed regarding the use of sucrose or JWW as the
sugar source. The low H> output may be attributed to the diluted concentration of
sugars and the limited availability of nutrients essential for microbial activity and
system startup.

On the other hand, when sugar sources were used together with FVW, H>
production improved across all other configurations. The highest H> yields were
achieved in JWW_FVW_A and JWW_FVW _B, reaching 67.1 N mL/gvs. These
values were higher than those obtained in SUCR_FVW_A and SUCR_FVW _B,
which yielded 50 and 37.6 N mL/gvs, respectively. These findings suggest that
JWW helped increase H» production at both tested concentrations, likely due to its
content of easily fermentable sugars. The presence of JWW also appeared to
enhance the H> production rate. Most setups reached a stationary phase by day 4,
which is consistent with commonly reported HRT for DF (de Menezes et al. 2024;
Scotto di Perta et al. 2022). No significant differences (p > 0.05) were revealed in
biogas production since it remained similar between the setups using sucrose and
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those using JWW. This suggests that JWW can effectively replace commercial
sugars sources in DF, as its performance is comparable to that of sucrose.

2.3.3.2 Biogas composition and discussion

Figure 2.2-e depicts the composition of biogas for all the configurations. H»
only appears in the configurations with FVW and its maximum concentration in
biogas reached 32 % for JWW_FVW B, 30 % in JWW_FVW_A, 24 % in
SUCR_FVW_A and 29 % in SUCR _FVW _B. In these configurations, CO>
percentage in biogas resulted lower than previous experiment ranging between 48-
76 % while CH4 content was nearly negligible. However, CH4 was present when
only the sugar source was added to the reactors over 25 %. It is not clear why
thermal pretreatment was less effective in some cases while it enhanced H»-
producing microbial activity in others. It is possible that when only the sugar
source was present in the reactor, the carbohydrate supply was insufficient to
support all microbial groups. This may have allowed the surviving methanogens,
even though weakened by thermal pretreatment, to dominate and outcompete the
H»-producers.

The initial pH of all configurations (Figure 2.2-f) was adjusted to between 5.5
and 6, the optimal range for DF. Following the process, SUCR_A, SUCR B,
JWW_A, and JIWW_B exhibited elevated final pH values between 7- 8, consistent
with their low H; and likely low VFAs production. In contrast, the pH in
SUCR_FVW_A, SUCR FVW B, JWW_FVW_A  and JWW_FVW_B remained
relatively stable, ranging from 5 to 6. This stability aligns with higher H» yields
observed in these reactors, likely supported by favorable pH conditions for
microbial activity. The results of this study can be compared to those reported by
(Martinez-Mendoza et al. 2022), who investigated H> production from FVW using
0.7 L reactors operated at 37 °C. Their experiment employed an inoculum that
underwent thermal pretreatment at 90 °C for 20 min, resulting in a H> yield of
73.2 mL/gvs. This slightly higher yield, relative to the present study, may be
attributed to the more intense heat shock applied to the inoculum. Additionally,
the use of pH control through the addition of 6 M NaOH to maintain a neutral pH
of 7, may have contributed to improved system performance.

Even higher H> production was reported by (Magama and Chiyanzu 2021),
who also fermented FVW in 0.4 L reactors at 35 °C. In their case, the inoculum
was pretreated with H>SO4 to reach a pH of 4 and maintained under these
conditions for 24 hours. This approach resulted in an H» yield of 140 N mL/gvs,
suggesting that acid pretreatment can be highly effective in enhancing microbial
activity and H» output.

(Scotto di Perta et al. 2022) applied thermal pretreatment by heating the
inoculum to 105 °C for several hours and carried out DF in 0.25 L reactors at 30—
34 °C. This setup achieved a H» yield of 193 N mL/gys, further confirming the
effectiveness of thermal pretreatment in optimizing H> production from FVW
under mesophilic conditions. Overall, this experiment successfully demonstrated
the capability of CAS inoculum in converting real waste materials into Ho-rich
biogas through DF. However, despite the positive outcomes, both H» yield, and
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concentration were not as high as some values reported in the literature, indicating
the necessity for process optimization. Future improvements could focus on
refining operational conditions, such as pretreatment strategies and pH regulation,
to enhance microbial activity and overall process efficiency. Nonetheless, these
results provide a promising foundation for considering the implementation of a
TSAD system for FVW and JWW, which could further optimize biomass
utilization and improve energy recovery.
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2.3.4 Two-stage anaerobic digestion of fruit and vegetable waste
and jam wastewater: dark fermentation

This experimental campaign evaluated the feasibility of integrating DF and AD in
a sequential process, specifically applying a TSAD process to FVW and JWW.
Four different configurations were tested in the first stage of TSAD, with
variations in the S:I ratio and the application of thermal pretreatment to FVW. The
ratio between FVW and JWW was 19:1 on VS basis, associated with the highest
H; yield in the previous experiment as presented in paragraph 3.3.

In two configurations JWW_FVW 1:1 and JWW_FVW_T 1:1), the S:I ratio
was set to 1, while in the other two, it was increased to 2 (JWW_FVW_2:1 and
JWW_FVW T 2:1), based on VS. The S:I ratio is a critical parameter for
maintaining a balanced system (Pan et al. 2008). An insufficient substrate supply
can inhibit microbial activity and promote the development of alternative
metabolic pathways that are not favorable for optimal energy recovery.
Conversely, an excess substrate may lead to excessive sludge growth at the
expense of valuable product formation (Cappai et al. 2018). Additionally, thermal
pretreatment was applied to FVW at 60 °C for 30 min in two of the configurations
(JWW_FVW T 1:1 and JWW_FVW T 2:1) to assess its effectiveness in
enhancing microbial access to available carbon. Details of the configurations are
provided in Table 2.2.

2.3.4.1 Effect of substrate-to-inoculum ratio

The effect of varying S:I can be evaluated through the biogas and H: yield
presented in Figure 2.3-a and -b. Biogas production commenced from day 1 in all
configurations; however, the trends varied significantly among them. The two
configurations with an S:I ratio of 2 JWW_FVW _2:1 and JIWW_FVW T 2:1),
exhibited lower biogas production compared to other configurations, and they
entered a stationary phase starting on day 1, which persisted throughout the DF
period. In contrast, the configurations with an S:I ratio of 1 demonstrated
substantially higher biogas yields. The highest production was observed in
JWW _FVW T 1:1, reaching a maximum of 261 mL/gys, whereas
JWW_FVW _1:1 produced a maximum of 179 mL/gys.

While biogas was produced from day 1 in all cases, H> production followed a
different pattern. In configurations with an S:I ratio of 2, H> production was
negligible. JWW_FVW _1:1 presented a H> yield of 34.3 N mL/gvs, and the
process entered a stationary phase after just one day, preventing further substrate
conversion in H». The highest H> yield recorded was 99.5 N mL/gvs for
JWW_FVW T 1:1. The lower efficiency of DF in the high-S:I configurations
could be attributed to excessive organic loading, which likely overwhelmed the
microbial community and led to system inhibition, resulting in comparable
outcomes in both cases. Conversely, the S:I ratio of 1 appeared to provide a more
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manageable organic load, allowing microorganisms to efficiently perform DF and
achieve higher biogas production.

2.3.4.2 Effect of substrate thermal pretreatment

The statistically significant difference in biogas and H> yield between
thermally pretreated and untreated substrates can likely be explained by the
effectiveness of thermal pretreatment in partially degrading the substrate, thereby
increasing the availability of simple sugars for microbial metabolism. This trend
was particularly evident in JWW_FVW T 1:1, where the rate of production
remained stable, further corroborating findings from the previous experiment, in
which a distinct lag phase only became apparent from day 4 of DF. The highest
H; yield recorded was 99.5 N mL/gvs JWW_FVW_T 1:1), which was also
higher than the maximum yield observed in the previous experiment, highlighting
the effectiveness of thermal pretreatment in improving substrate accessibility and
enhancing conversion efficiency for Hz production.

2.3.4.3 Biogas composition and discussion

The composition of the produced biogas is presented in Figure 2.3-e. The H»
content was higher than the previous experiments (paragraph 3.3), reaching a
maximum of 38% in JWW_FVW _T 1:1. The predominant gas was CO: in all the
configuration with percentage between 61-99 % while CH4 content was negligible
suggesting the efficacy of the thermal pretreatment.

pH trends are presented in Figure 2.3-f. The initial pH across all
configurations was approximately 7, but it decreased during the process in every
case. In JWW_FVW _1:1 and JWW_FVW _T 1:1, the final pH ranged between
5.5 and 6.5 which is an optimal range for DF, and it is correlated with the highest
H> yields observed. In contrast, JWW_FVW 2:1 and JWW_FVW_T 2:1
experienced a more visible pH drop, reaching values between 4.5 and 5, which
likely contributed to the lower H» production in these setups.

Numerous studies have investigated the influence of the S:I ratio on H»
production during DF. Pan et al. (2008) conducted food waste fermentation under
mesophilic conditions in 1 L reactors and achieved a H» yield of 38.8 mL/gys at
an S:I ratio of 6 (based on VS). Nathao et al. (2013) used a slightly higher ratio of
7.5 for the DF of food waste in 0.5 L reactors at 37 °C, resulting in a yield of
55 mL/gvs. Ghimire et al. (2016), on the other hand, applied a low S:I ratio of 0.5
under thermophilic conditions and obtained 60.6 mL/gys. Their investigation also
highlighted the role of initial pH, identifying 4.5 as optimal for DF which is a
result that contrasts with our findings in Section 3.2, where pH values below 5 led
to microbial inhibition. Cappai et al. (2018) reported the highest yield among the
referenced studies, reaching 90 mL/gvs using a 5 L reactor at 39 °C and an S:I
ratio of 7.14, aligning with the conditions applied by Nathao et al. (2013). While
several reports suggest that increasing the S:I ratio can enhance H> production, the
present study observed a different trend, indicating that excessive substrate
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loading may impair system performance. These findings emphasize the need for

careful optimization of the S:I ratio to ensure efficient energy recovery.
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2.3.4.5 Volatile fatty acids analysis

The digestate from the first stage of DF was analyzed for VFAs, specifically
acetic, propionic, and butyric acids, to assess the progression of the process. The
results are presented in Figure 2.4. The distribution of VFAs was highly
heterogeneous across the samples. Acetic acid was detected in all reactors
(ranging from 1 to 2 g/L), while propionic acid appeared only in half of the cases.
The configurations JWW_FVW 1:1 and JWW_FVW T 1:1 exhibited similar
VFAs profiles, with all three acids present in comparable concentrations.
JWW_FVW 1:1 had the highest concentration of butyric acid (4.3 g/L), followed
by IWW_FVW T 1:1 (3.1 g/L), making butyric acid the most abundant acid in
both cases. Acetic acid concentrations were 1.6 and 2.0 g/L, respectively, while
propionic acid was present at 1.3 g/L in both configurations. The total VFAs
concentrations were 7.2 g/L for JWW _FVW 1:1 and 64 g/L for
JWW_FVW T 1:1. These values exceed the peak of 5.7 g/L reported by Zuo et
al. (2014) from the fermentation of vegetable waste but remain below the
inhibitory threshold of 8 g/L, as indicated by Cremonez et al. (2021).

The presence of all three acids likely results from the availability of readily
fermentable compounds in FVW, which are metabolized through acetyl-CoA and
lactate pathways (Ungerfeld 2020). The predominance of acetic and butyric acids
aligns with findings from Dinh and Fujiwara (2023), who reported a VFAs
production of 370 mgvras/gvs from FVW fermentation which is comparable to the
367 and 326 mgvras/gvs observed in JWW_FVW 1:1 and JWW_FVW T 1:1,
respectively.

In contrast, the configurations JWW_FVW 2:1 and JWW _FVW T 2:1
produced lower VFAs concentrations, with total contents of 2.0 and 0.9 g/L,
respectively. While both acetic and butyric acids were detected in
JWW _FVW 2:1 (1.2 and 0.7 g/L), only acetic acid was observed in
JWW_FVW T 2:1. The substantially higher VFAs production in the 1:1 S:I ratio
configurations can be correlated with better system performance and higher H»
yields. Conversely, the limited acid production in the 2:1 S:I configurations likely
reflect system failure or suboptimal metabolic activity.

The results of this experiment confirm the viability of using a mixture of
FVW as a substrate for DF and combining it with JWW as a sugar source. The
utilization of a S:1 = 1 on VS basis and a thermal pretreatment of FVW can
further enhance the yield of the process, supporting the potential implementation
of a TSAD process to further exploit the energy potential of the remaining
biomass.
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Figure 2.4 Volatile fatty acids (VFAs) content in g/L in the four configurations.

2.3.5 Two-stage anaerobic digestion of fruit and vegetable waste
and jam wastewater: anaerobic digestion

The second stage of the process (AD) utilized the digestate from the DF stage as
the primary substrate. This digestate was combined with non-pretreated CAS
inoculum at a 1:1 ratio while maintaining a TS content of 6%.

2.3.5.1 Effect of substrate-to-inoculum ratio

The impact of the S:I ratio in the second stage can be evaluated through biogas
and CH4 production results over 22 days, presented in Figure 2.5-a and -b. All
configurations exhibited biogas production even at different rates.
JWW_FVW 1:1 and JWW _FVW T 1:1 exhibited a slower initial biogas
production, with negligible gas output during this period. However, between days
7 and 11, they began producing biogas at a higher rate than the other two
configurations. In the final phase of the experiment, these two configurations
experienced a gradual deceleration in biogas production, reaching a plateau
around day 21, with a maximum biogas yield of 207 N mL/gyvs. CH4 production
remained relatively low across all four configurations during the first 5 days.
JWW_FVW _1:1 and JWW_FVW T 1:1 presented an increase in CH4 production
rate from day 6 to day 11. From day 12, the production rate decelerated, reaching
a maximum CHjy yield of 155 and 146 N mL/gys, respectively.

JWW_FVW 2:1 and JWW_FVW _T 2:1 exhibited a more rapid start-up phase
within the first 6 days in biogas production compared to JWW_FVW 1:1 and
JWW_FVW _T 1:1. Configurations with 2:1 ratio presented a continuous increase
in biogas production, achieving maximum yields of 279 and 297 N mL/gvs,
respectively. These two configurations did not experience a distinct stationary
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phase, instead maintaining a steady upward trajectory in biogas production
throughout the entire experimental period.

Regarding CHs yield, JWW_FVW 2:1 and JWW _FVW T 2:1 exhibited a
delayed production phase during the first 7 days. From day 8, an increase in CHg4
production rate was detectable. After day 13, a slowdown in production was
observed, while no distinct stationary phase throughout the 22-day period was
visible. The highest CHs yield (184 N mL/gyvs) was achieved by both
JWW_FVW 2:1 and JWW_FVW_T 2:1.

2.3.5.2 Effect of substrate thermal pretreatment

Thermal pretreatment of the substrate led to the highest overall biogas yield in
the JWW_FVW T 2:1 configuration. However, statistical analysis showed no
significant differences in biogas production during the second stage of TSAD (p >
0.05). Although thermal treatment enhanced hydrogen production in the DF, its
impact on biogas and CH4 generation in the subsequent AD phase was limited,
indicating that the effect of pretreatment may be specific to the first stage.
Similarly, variations in S:I ratio did not significantly influence biogas output in
the AD stage, as no statistical differences were observed among the tested
configurations.

2.3.5.3 Biogas composition and discussion

Figure 2.5-e shows the biogas composition of all configurations. The main
component in all cases is CH4 which reaches 81 % in JWW_FVW _1:1, 65 % in
JWW FVW T 2:1, 73 % in JWW FVW. T I:1 and 61 % in
JWW_FVW_T 2:1. CO: levels were lower with percentage ranging between 19
and 37 %. Interestingly, even if JWW_FVW 1:1 and JWW_FVW_ T 1:1
presented a lower CHgy yield, the relative CH4 percentages were higher compared
to JWW_FVW 2:1 and JWW_FVW_T 2:1.

The pH trends of the four configurations are shown in Figure 2.5-f. Both
initial and final pH values ranged between 7 and 8, which is considered optimal
for AD. These results suggest that pH was not a limiting factor for the suboptimal
CHy yields observed.

The performance of the TSAD system in this study can be compared with
previous research. Dinh and Fujiwara (2023) investigated TSAD of FVW using
sequential acidogenic and methanogenic reactors. The first stage operated at
35 °C, while the second was tested under both mesophilic and thermophilic
conditions, obtaining a CHy4 yield of 306 mL/gvs and 346 mL/gys, respectively.
These higher values, compared to those reported in the present study, may be
attributed to the feeding strategy: only the liquid fraction of the digestate, rich in
VFAs, was used in the methanogenic reactor, whereas the full digestate was fed in
this work.

97



Similarly, Dinh et al. (2019) applied TSAD to vegetable waste using a CSTR
for DF and an upflow anaerobic sludge blanket (UASB) reactor for
methanogenesis at 36 °C. Although little to no H> was detected during the first
stage (with biogas primarily composed of CO:), the second stage produced
274 mL/gys of CHs. Wu et al. (2016) also reported comparable outcomes,
applying TSAD to FVW using a 1.2 L CSTR for DF and a mesophilic 1 L UASB
reactor for AD. In this case, H> production was again negligible in the first stage,
while CHs4 yield reached 244 mL/gys.

Zuo et al. (2014) conducted TSAD using a 3 L CSTR for DF and a 4 L fixed-
bed biofilm reactor for methanogenesis, both under mesophilic conditions.
Although no H> data was provided, the CH4 yield was approximately 300 mL/gys.

The results obtained in this study fall between those previously reported and
those achieved by Nathao et al. (2013), who applied TSAD to food waste. H»
production reached 55 mL/gvs, and CH4 yield was 94.8 mL/gys, obtained from
batch reactors operating at 37 °C. The lower CH4 production compared to this
study could be due to the composition of the substrate, which likely contained a
broader range of organic matter, including proteins and fats in addition to
carbohydrates. Gomez Camacho et al. (2019) also investigated TSAD using
organic market waste. DF and AD were conducted in 2 L and 14 L bioreactors,
respectively, both at 35 °C. The H; yield was 50 mL/gys, while CH4 production
reached 179 mL/gvs. Although H> yields were slightly lower than those reported
in the present study, the CHg4 aligns with the results of this study.

These findings emphasize that the effects of thermal pretreatment and the
substrate-to-inoculum ratio are stage-specific within TSAD process. Although the
CHy yield was satisfactory, it remains lower than that reported in similar studies,
indicating that process optimization may be necessary.
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Figure 2.5 Results from the second stage of the third experiment: a) biogas yield, b) CHy yield, ¢) H: yield, d) CO: yield, e)
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2.3.6 Comparison between single and two-stage anaerobic
digestion of fruit and vegetable waste

As previously mentioned in paragraphs 3.4 and 3.5, the implementation of TSAD
rather than single stage AD, is expected to enhance CH4 production. To evaluate
this hypothesis within the scope of this study, AD was applied to the
configurations JWW_FVW 2:1 and JWW_FVW T 1:1, following the criteria
stated in paragraph 2.3.

Biogas and CHs yields are presented in Figure 2.6-a and -b. Among all
configurations, AD of JWW_FVW T 1:1 yielded the highest biogas output at
416 N mL/gys, significantly outperforming the others, which ranged between 206
and 279 N mL/gvs. However, the trend for CHs4 production was visibly different.
The highest CHy yield (183 N mL/gvs) was achieved by TSAD JWW_FVW _2:1,
which was substantially higher than the corresponding AD configuration, which
produced only 7.5 N mL/gys. This highlights the positive impact of the DF stage
in enhancing the overall digestion performance, likely due to the initial hydrolysis
and breakdown of complex organic matter. In contrast, applying AD directly to
JWW_FVW 2:1 is suboptimal, possibly due to an excessive organic load that
exceeded the inoculum metabolic capacity. Both TSAD and AD applied to
JWW_FVW T 1:1 resulted in similar CH4 yields of approximately 146 N
mL/gys.

Variations in specific methane production rates can be observed and assessed
based on the slope of the cumulative yield curves. TSAD configurations showed a
clear onset of CH4 production around days 6 and 8, respectively. Conversely, AD
JWW_FVW 2:1 showed an almost flat production curve, while AD
JWW_ FVW T 1:1 exhibited a delayed but sharp increase starting at day 14,
which was nearly double the stationary phase compared to its TSAD counterpart.
These findings indicate that TSAD not only enhances CH4 yield but also
accelerates the production rate, enabling faster reaching of peak yields which is an
advantage of considerable relevance for industrial-scale applications where time
efficiency is critical. Previous studies also supported the benefits of TSAD for
improving CHy recovery. Nathao et al. (2013) compared TSAD and AD of food
waste in batch reactors at 37 °C and reported an 18% increase in energy recovery
with TSAD. Similarly, Liu et al. (2006) evaluated TSAD and AD of household
solid waste under mesophilic conditions and observed a 21% increase in CHs
yield from the TSAD process. These studies further reinforce the advantages of
TSAD for maximizing energy recovery from biomass waste.
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2.3.7 Influence of organic loading rate in the dark fermentation of
fruit and vegetable waste and jam wastewater

As previously discussed in Sections 3.4 and 3.5, the effect of OLR was
investigated by carrying out DF of FVW and JWW at three different loading
conditions. The selected OLR values fell within the commonly recommended
range for anaerobic digestion (1.2-12 kgys/m® d) and were approximately doubled
from one experimental run to the next. The substrate ratio and the substrate-to-
inoculum (S:I) ratio were maintained according to the best-performing
configuration identified in the earlier phase of the study, namely JWW_FVW _1:1.
Biogas and hydrogen production trends are reported in Figure 2.7-a and -b. In all
configurations, biogas generation began immediately on day 1. The reactors
operated at OLR equal to 1.8 and 7.9 kgvs/m®> d exhibited similar production
patterns, whereas OLR 3.6 showed a substantially reduced biogas output, reaching
a plateau as early as day 2. Among the three conditions, OLR 7.9 achieved the
highest biogas yield, with a maximum of 132 N mL/gys, followed by OLR 1.8
with 116 N mL/gvs. Hydrogen production, however, displayed a markedly
different behavior: the highest H> yield was observed in OLR 1.8, reaching 44.4 N
mL/gvs, while OLR 7.9 produced 40.9 N mL/gvs. Consistent with its lower biogas
output, OLR 3.6 also resulted in the lowest H» yield, reaching only 14.7 N
mL/gvs. All systems reached a production plateau by day 2, which is typical for
DF processes.

Regarding methane (Figure 2.7-c), only OLR 1.8 generated an appreciable
amount, attaining a maximum of 11 N mL/gys, whereas CH4 production in OLR
3.6 and OLR 7.9 was negligible. CO> (Figure 2.7-d) followed a trend similar to
that of biogas, with the highest yield recorded in OLR 7.9 (91 N mL/gys),
followed by OLR 1.8 (47 N mL/gys) and OLR 3.6 (34 N mL/gvs).
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The relative abundances of the gas components, also illustrated in Figure 2.7-e,
show that CO; was the predominant constituent under all tested conditions,
reaching 46 % at OLR 1.8 and approximately 69 % at OLR 3.6 and OLR 7.9.
Hydrogen displayed an opposite behavior, achieving its highest proportion at
OLR 1.8 (44 %), while decreasing to 30 % and 31 % for OLR 3.6 and OLR 7.9,
respectively. As noted earlier, CHs was detectable only at OLR 1.8, where it
accounted for about 10 % of the biogas

The digestate was analyzed for VFAs, with particular attention to acetic,
propionic, and butyric acids, in order to monitor process evolution and metabolic
pathways. The results are reported in Figure 2.7-f. Overall, a similar VFAs
distribution was observed for all three configurations, with acetic acid
representing the dominant fraction, followed by butyric acid, whereas propionic
acid was detected only in negligible amounts throughout the experiment.

The highest total VFAs concentration was measured under OLR 7.9, reaching a
maximum value of approximately 9 g/L, followed by OLR 3.6 with 5 g/L and
OLR 1.8 with around 3.5 g/L. As previously discussed, VFAs concentrations
above 8 g/L are generally considered inhibitory for AD processes; therefore, the
elevated acid levels observed at OLR 7.9 suggest a greater tolerance of acidogenic
and acetogenic populations to high VFAs concentrations. Nevertheless, biogas
production ceased after day 3, likely due to VFAs accumulation.

In terms of individual acid composition, acetic acid accounted for the largest share
of total VFAs, with relative abundances of 70.5 %, 68.1 %, and 65.6 % for OLR
1.8, OLR 3.6, and OLR 7.9, respectively. Propionic acid remained below 1.6 % in
all configurations, indicating limited formation of this intermediate, while butyric
acid represented between 27.9 % and 34.2 % of the total VFAs content.

The effect of OLR on dark fermentation has been widely explored in the
literature. Krishnan et al. (2016) investigated this parameter during thermophilic
TSAD of palm oil mill effluent (POME). In their study, the DF inoculum was
heat-treated at 90 °C for 60 minutes and mixed with the substrate in a 4 L UASB
reactor operated at 55 °C. OLR was varied from 25 to 125 kgcop/m® d,
corresponding to a reduction in HRT from 12 to 3 h. H> yield increased steadily
with OLR up to 75 kgcop/m® d, reaching a maximum of 49 mL/gcop, but
subsequently declined when OLR was reduced to 30 kgcon/m® d, reaching 150
mL/gcop even though the lowest value was obtained at 25 kgcoo/m® d.
Conversely, VFAs concentrations rose continuously with increasing OLR,
reaching 8.8 g/L at the highest loading. The authors concluded that OLR strongly
affected system performance: excessively low OLR led to insufficient substrate
availability and, consequently, reduced H> production, whereas excessively high
OLR resulted in VFAs accumulation and potential process inhibition. A similar
trend was observed by Martins et al. (2022), who examined the influence of OLR
during thermophilic TSAD of the organic fraction of municipal solid waste
(OFMSW). DF was conducted in a 2.1 L CSTR under mesophilic conditions at
three OLR values: 10.6, 18.0, and 23.6 gvs/L d, yielding 8.5, 18.2, and 1.64
L/kgvs of Ha, respectively. As in the previous study, VFAs levels increased with
OLR, reaching 10.8 g/L at the highest loading. These results again confirmed that
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moderate OLR values help maintain system stability by preventing excessive
VFAs accumulation and avoiding overloading while still ensuring adequate
substrate availability.

The role of OLR was also addressed by Paudel et al. (2017), who studied DF of
food waste and brown water in a 10 L reactor at 35 °C. In their work, OLR was
progressively increased from 17.7 to 34.8, 70.8, and 106 gvs/L d while HRT was
reduced from 48 to 8 h. H» production increased correspondingly, rising from 68.5
to a maximum of 99.8 mL/gvs. These findings further support the notion that
appropriate substrate loading is essential to ensure efficient fermentation
performance. It is worth noting that the OLR values used in this experiment were
far above the typical range recommended in the literature, and significantly higher
than those applied in the present study, yet H> yields were comparable. This
outcome may be attributed to the characteristics of the substrates used,
particularly brown water, which contains substantial nitrogen levels that may help
mitigate inhibition caused by VFAs accumulation or overfeeding.

The fermentation of high-strength wastewater was also investigated using a
configuration different from the conventional CSTR, namely the Upflow
Anaerobic Sludge Blanket (UASB) reactor. In this configuration, the substrate
enters from the bottom of the reactor and passes through a granular sludge bed,
where microorganisms are retained and attached to the granules. This
configuration requires lower energy consumption and is effective for the treatment
of high COD loads. Organic matter is converted into biogas through a stable and
efficient process, which is also suitable for diluted waste streams (Mainardis et al.
2020). For instance, municipal solid waste leachate has been successfully treated
in a 4.2 L UASB operated at 35 °C. The system was run at OLR ranging from 1.6
to 7.43 g COD/L d, with HRT between 1.3 and 3 days. Under these conditions,
COD removal efficiencies reached 97.5-99.5 %, demonstrating very high
treatment performance. These results highlight the strong potential of UASB
reactors for efficiently treating complex wastewater with high organic loads,
particularly when stable granular sludge is maintained and operating conditions
are properly controlled (J. Li et al. 2020). However, this configuration was not
considered in this thesis due to technical limitations related to the laboratory
equipment available for the experiments. In particular, the required setup and
operational conditions could not be properly reproduced at the lab scale, which
prevented its implementation within the scope of this work.

Taken together, the studies reviewed illustrate that OLR has a decisive
influence on biological H, production. In DF maintaining an appropriate OLR is
essential to avoid both insufficient substrate supply, which limits microbial
activity, and excessive loading, which leads to VFAs accumulation and inhibition.
In this work, the OLR range tested was relatively narrow compared to previous
studies, which may explain the limited differences observed among
configurations. From a sustainability perspective, higher OLRs are generally
preferable, as they enable greater waste treatment capacity and increased
renewable energy production, improving both process efficiency and economic
feasibility.
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2.3.8 TSAD scale-up of fruit and vegetable waste and jam
wastewater

All the experiments discussed in the previous sections were conducted using 250
mL reactors, a typical small-scale laboratory volume. However, scaling up AD
processes often leads to a reduction in overall performance, as larger systems may
experience additional operational constraints such as reduced mixing efficiency,
temperature gradients, or mass-transfer limitations. For this reason, the present
experiment aimed to evaluate the performance of TSAD of FVW and JWW in a 5
L digester operated under the same conditions applied to the 250 mL tests. The
selected configuration was JWW_FVW _2:1, previously identified in paragraph
2.3.6 as the only ratio that remained functional when the working volume was
increased. Both DF and AD were carried out to compare H» and CH4 production
at the two scales.

Biogas production profiles are shown in Figure 2.8-a. In both reactor sizes, biogas
generation started on the first day; however, substantial differences emerged as
the process advanced. The 250 mL configuration produced more than double the
biogas obtained from the 5 L digester, reaching 69 N mL/gys compared to 33.7 N
mL/gvs. Interestingly, an opposite trend was observed for hydrogen production
(Figure 2.8-b): although the 250 mL reactor exhibited a faster start-up phase, the
5 L digester eventually exceeded its performance, achieving a maximum H; yield
of 4.5 N mL/gvs versus only 1.6 N mL/gys in the smaller system. Nevertheless,
this H» yield remains significantly lower than typical values reported in the
literature for DF of FVW, suggesting that the overfeeding-related inhibition
observed in the 250 mL experiments was likely still present in the 5 L system. As
expected for DF, CH4 production was negligible in both reactors (Figure 2.8-c).
Consistent with biogas trends, CO> production was also higher in the 250 mL
configuration (Figure 2.8-d).

A similar pattern emerged during the second stage of TSAD (Figure 2.9). For
biogas, H>, CH4 and CO», the 250 mL reactors again outperformed the 5 L system.
Total biogas production reached 279 N mL/gys in the small reactors, compared
with 201 N mL/gvs in the 5 L digester. CH4 yield followed the same tendency,
with 183 N mL/gvs and 132 N mL/gvs for the 250 mL and 5 L reactors,
respectively. H> production remained negligible in both cases, while CO2
evolution mirrored biogas dynamics. It is also worth noting that the 250 mL
systems exhibited faster kinetics, as indicated by higher slope of the curves and by
the earlier achievement of maximum yields, approximately on day 20.

The presence of a scale effect in anaerobic digestion has also been highlighted by
other authors. For instance, Ruffino et al. (2015) investigated the AD of vegetable
and oil waste using both 6 L laboratory-scale digesters and a 300 L pilot-scale
reactor operated under mesophilic conditions. Under comparable VS loads, the
pilot-scale system achieved only 80% of the biogas yield obtained at the
laboratory scale, clearly confirming a scale-dependent reduction in performance.
Conversely, Kowalczyk et al. (2011), who studied the AD of a mixture of corn-
cob mix (CCM) and cow manure (CM), observed slightly improved performance
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in a 390 L digester compared with a 22 L one, despite operating both systems at
38 °C under identical conditions. Although the differences were modest, the
authors concluded that scale-up is feasible, while emphasizing the necessity of
further validation at industrial scale.

As these studies illustrate, the literature does not provide a universal consensus
regarding the magnitude or even the direction of scale effects in anaerobic
digestion. The results of the present work suggest a clear decline in performance
when reactor volume was increased from 0.25 L to 5 L. In the specific context of
this study, this decrease may be attributed to difficulties in maintaining uniform
temperature distribution throughout the larger digester and, more critically, to
inadequate mixing. Since no mechanical system was available, the reactors used
here relied solely on manual shaking, which is less effective at larger volumes and
may have contributed to mass-transfer limitations and localized inhibition. Since
scale effects play a fundamental role in the design of full-scale AD plants,
appropriate correction factors should be applied with care, as recommended by
Demichelis et al. (2024).
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Chapter 3

3. Two-stage anaerobic digestion
of starch wastewaters

3.1 Introduction

In the previous chapter, the two-stage anaerobic digestion (TSAD) of fruit and
vegetable waste (FVW) and jam wastewater (JWW) was investigated to evaluate
their potential for H> and CH4 production. JWW proved to be particularly suitable
for dark fermentation (DF), mainly due to its high content of readily
biodegradable sugars as glucose and fructose. Glucose is the fundamental building
block of starch, a high-molecular-weight compound that represents a major
component of staple foods and cereals. Owing to its widespread use in food
products, starch-based wastes are commonly generated as a result of supply chain
inefficiencies and processing losses (Das and Basak 2021).

Due to the complex structure of starch, a hydrolysis step is required to convert it
into a starch hydrolysate mainly composed of glucose and maltose, as occurs in
the production of glucose syrup. This conversion increases sugar accessibility for
microorganisms, thereby facilitating the production of H> and VFAs. Although
several operational parameters influence DF, acetic and butyric acids are
generally reported as the dominant VFAs in the effluent (Das and Basak 2021).
Numerous studies have investigated the application of DF to starch-based wastes.
Dominska et al. (2025) evaluated the DF of starch wastewater from the textile
industry. The inoculum was thermally pretreated at 70 °C for 30 min and then
applied to both natural and modified starch wastewater, either thermally treated or
untreated. Experiments were conducted in 0.5 L glass bioreactors at 37 °C. The
highest H> yield was obtained from untreated natural starch (214 mL/gvs),
whereas the lowest yield was observed for modified unheated starch (99 mL/gvs).
These results suggest that chemical or structural modifications of starch may shift
microbial metabolism toward less efficient hydrogen-producing pathways.
Nevertheless, the overall H; yields were relatively high, confirming the suitability
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of starch-rich substrates for hydrogen production. VFAs concentrations ranged
between 5 and 10 g/L across all configurations, with acetic and butyric acids as
the predominant components, in agreement with previous findings.

Starch processing wastewater was also investigated by Sutthipattanasomboon and
Wongthanate (2017). In this study, seed sludge was thermally pretreated at 90 °C
for 10 min and incubated with the substrate in 180 mL batch reactors under both
mesophilic and thermophilic conditions. Maximum H> yields of 13.84 and 37.59
mL/gcop were obtained at mesophilic and thermophilic temperatures,
respectively, with an initial pH between 7 and 8. As reported in other studies,
acetic and butyric acids were the dominant VFAs. The relatively low H» yields
suggest that insufficient hydrolysis limited sugar availability, highlighting the
importance of effective pretreatment to enhance glucose release.

Taherdanak et al. (2015) further investigated starch DF in 118 mL reactors at 37
°C using inoculum pretreated at 90 °C for 45 min. The study also examined the
effect of iron and nickel supplementation on microbial activity. The addition of
both metals significantly improved system performance, with the optimal
concentration identified at 37.5 mg/L for each metal. Under these conditions and
with a starch concentration of 5 g/L, an H» yield of 147.3 mL/gvs was achieved.
These results indicate that, while trace metal addition can enhance H» production
by supporting enzymatic activity, substrate concentration and carbohydrate
accessibility remain critical factors. Similarly, Sinbuathong and Sillapacharoenkul
(2021) studied the DF of starch factory wastewater in 120 mL reactors at 35 °C.
The inoculum was pretreated using either acid (HCI 10 M) or alkaline (NaOH 10
M) conditions. Maximum Hb> yields of 138 and 182 mL/gcop were obtained with
acid and alkaline pretreatment, respectively. These values are higher than those
reported in previous studies, likely because starch factory wastewater already
contained readily available sugars, reducing the need for extensive hydrolysis
before fermentation.

Starch wastewater can originate from different industrial processes, such as
glucose syrup production, which generates multiple wastewater streams that
remain rich in simple sugars.

During glucose syrup production, starch is first extracted from wheat flour using
steam at temperatures above 100 °C. Enzymatic hydrolysis is then performed
using enzymes such as alpha-amylase to produce a raw syrup containing
polysaccharides along with impurities, including fats, mineral salts, proteins, and
trace organic compounds. This raw syrup subsequently undergoes a
saccharification step, tailored to the desired final product, followed by separation
through ceramic membrane filtration. While the permeate proceeds to further
refinement processes, the retentate is combined with waste streams from other
production lines and subjected to a second filtration stage.

The retentate obtained from this second filtration step is referred to hereafter as
aliment and represents one of the substrates investigated in this chapter for TSAD.
This wastewater stream contains approximately 90-95 % glucose, along with
impurities accumulated throughout the production process. Aliment can undergo
further filtration, yielding a permeate that is sent to demineralization and a
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retentate used as feedstock for alcoholic fermentation. Aliment, permeate, and
retentate therefore represent three relevant waste streams from glucose syrup
production that retain a high concentration of readily degradable sugars, making
them promising substrates for fermentative H> production.

3.1.1 Goal

To the best of the authors’ knowledge, DF and TSAD have not yet been
specifically applied to permeate, retentate, and aliment as individual substrates.

To address the limited knowledge on glucose-rich residues from syrup
production, TSAD is initially performed on each stream separately to assess their
potential for H> and CH4 generation. The process is then extended to evaluate the
effect of co-digestion with FVW at two different mixing ratios.

By focusing on rarely studied substrates, this work explores their potential
integration into existing bioenergy pathways. Overall, the results support TSAD
as a promising approach for the valorization of underutilized biomass within a
circular economy framework.
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3.2 Materials and method

3.2.1 Substrates and inoculum characterization

The inoculum employed in DF and AD was the mesophilic digestate of CAS
provided by “Cascina La Speranza” (Fossano, Cuneo, Italy). FVW was collected
from household residue (mass composition of 75% vegetables and 25 % fruits)
and chopped through a kitchen blender. Aliment, retentate, and permeate were
supplied by a glucose syrup factory (Piedmont, Italy) as the wastewaters from
filtration units. Both FVW and the starch wastewaters were frozen at -18 °C after
their collection to avoid natural decomposition. Then they were defrosted before
being fed into the fermentation system. The starch wastewaters, FVW, and
inoculum characterization are presented in 7able 3.1. All the experiments have
been performed with the same lot of starch wastewaters, FVW, and inoculum to
ensure the reproducibility and comparability of the achieved results.

3.2.2 Inoculum thermal pretreatment

In the present study, the inoculum was thermally pretreated at 80 °C for 1 h to
eliminate Hp-consumers and favor sporulation of Ho-producers. The inoculum was
heated in an oven and covered with aluminum foil to minimize water evaporation
during treatment.

3.2.3 Process setup and operative condition

DF and AD were performed in 250 mL Pyrex glass bottles (Duran, Germany)
with a working volume of 80 % at 35 °C. The heating was controlled by a 55 L
thermostatic water-bath (Julabo-Corio-C, Merck, Germany). Reactors were
operated in batch feeding mode and shaken manually to keep the mixture
homogeneous inside the reactor. Each reactor was sealed with a two-port cap.
Through one of the ports, anaerobic conditions were assured by purging N>
directly inside the biomass to change the volume of the reactor three times and
closing the port. The second port was connected to a 1 L Teddlar gas bag where
biogas was collected. The duration of each assay depended on biogas or H»
production: testing was stopped when daily H» (for DF tests) and biogas (for AD
tests) production was less than 1 % of the overall production recorded during the
period of preparation (VDI 4630 2006). The experimental campaign consists of
two main experiments, and all the campaigns were studied in replicates. The pH
of each reactor was measured at the beginning and at the end of the experiments.
In the experiments, when necessary, HCl was added to the reactors to lower pH to
around 6-7 in DF. AD pH was maintained between 7 and 8.

In the first experimental set, DF was carried out separately on the three
substrates, followed by TSAD. All reactors were operated at a total solids content
of 6 %. For each configuration, the inoculum was thermally pretreated, and the
substrate-to-inoculum ratio was fixed at 1:1 on a VS basis. Aliment, retentate and
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permeate were added accordingly to meet this condition. The digestates obtained
from DF were subsequently used as feedstock for the AD stage, which was
conducted at the same S:I ratio and total solids content, without inoculum
pretreatment.

In the second experimental set, six configurations were tested to investigate
the co-digestion of starch wastewaters with FVW. Each starch wastewater was
combined with FVW at a ratio of 70/30 % on VS basis and evaluated under batch
conditions at two total solids levels (3 % and 6 %). The inoculum was thermally
pretreated for all DF tests, and the S:I ratio was again maintained at 1:1 on a VS
basis. Only the digestate from the best-performing DF configuration for each
starch wastewater was further processed in the AD stage, which was carried out
without inoculum pretreatment and with an S:I ratio of 1:1. A summary of
configuration characteristics is presented in Table 3.2.

DF design, analytical methods, and data processing were carried out in
accordance with the procedures described in Sections 2.2.4 and 2.2.5 of this
thesis.
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3.3 Results

3.3.1 Characterization of inoculum and substrates

The inoculum and substrates were characterized in terms of TS, VS, and
elemental composition using a CHNS analyzer, and the results are reported in
Table 3.1. The starch-based wastewaters exhibited markedly high TS contents,
exceeding 30%, which reflects their high carbohydrate concentration. In all cases,
nearly the entire solid fraction was volatile, as indicated by VS/TS ratios above
99%, confirming that these substrates are predominantly composed of easily
degradable organic matter. The TS content of starch wastewaters can vary
considerably depending on the specific industrial process from which they are
produced and the degree of dilution applied along the production line. In contrast,
the VS fraction tends to remain relatively consistent across different starch-
derived wastes, owing to the inherently volatile nature of starch and its hydrolysis
products. This observation is supported by Sinbuathong and Sillapacharoenkul
(2021), who reported a VS/TS ratio of 97 %, very close to the one of the
substrates analyzed in this chapter. As expected, the C:N ratio was markedly
unbalanced, mainly because of the very low nitrogen content of the substrates.
This imbalance was particularly evident for the permeate, which exhibited a C:N
ratio of 317.03:1. Such a high value reflects the origin of this stream, as it derives
from a filtration step in which most impurities are retained in the retentate. This
interpretation is supported by the significantly lower C:N ratio measured for the
retentate (40.73:1), indicating a nitrogen content almost ten times higher than that
of the permeate. The aliment showed an intermediate C:N ratio of 96.98:1,
consistent with its mixed composition and processing history. From a process
perspective, these results suggest that the starch-derived wastewaters are strongly
carbon-rich and may therefore require nutrient supplementation through nitrogen-
rich compounds to support stable microbial activity during DF and TSAD.

Table 3.1 Chemical and physical characterization of inoculum, fruit and vegetable waste (FVW) and
starch wastewaters (permeate, retentate and aliment).

Inoculum FVYW Permeate Retentate Aliment
TS (%) 4.30+0.11 10.89 £ 0.36 32.12£0.04 36.73+0.14  32.95+0.02
VS/ITS (%) 73-24+£045  85.04+0.31 99.98 £0.02 99.96+0.01  99.97+0.03
N (%) 3.01+0.22 1.52+0.13 0.12+0.02 1.09 £ 0.04 0.42+0.02
C (%) 3458+ 098  41.65+0.74 39.10+1.72 44.51+0.85  40.73 +£0.40
H (%) 442 +0.13 6.35+0.18 7.29 +£0.46 7.58 +£0.36 7.03+0.17
S (%) 0.34+£0.07 0.21 +0.01 0.07 £ 0.02 0.07 £ 0.01 0.19+0.08
0 (%) 57.65+1.15  50.27+0.99 5341+2.14 46.74+1.26  51.63 +0.50
C/N 11.49+£042 2749+2.14  317.03+25.11  40.73+0.72  96.98 +3.13
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Table 3.2 Configurations tested across two experiments: i) TSAD of the three starch wastewaters and ii)
TSAD of starch wastewater with FVW.

Configuration Substrate TS content
First experiment - DF
Permeate Permeate 6 %
Retentate Retentate 6 %
Aliment Aliment 6 %
First experiment - AD
Permeate Digestate from Permeate DF 6 %
Retentate Digestate from Retentate DF 6 %
Aliment Digestate from Aliment DF 6 %
Second experiment - DF
Permeate 6% Permeate + FVW 6 %
Permeate 3% Permeate + FVW 3%
Retentate 6% Retentate + FVW 6 %
Retentate 3% Retentate + FVW 3%
Aliment 6% Aliment + FVW 6 %
Aliment 6% Aliment + FVW 3%
Second experiment - AD

Permeate Digestate from Permeate 6% DF 6 %
Retentate Digestate from Retentate 6% DF 6 %
Aliment Digestate from Aliment 6% DF 6 %

3.3.2 Two-stage anaerobic digestion of starch wastewaters: dark
fermentation

This experimental campaign evaluated the feasibility of integrating DF and AD in
a sequential process, specifically applying a TSAD process to aliment, permeate
and retentate. Three different configurations were tested in the first stage of
TSAD, with variations in the substrate employed.

Biogas production commenced on day 1 in all configurations, showing a
comparable overall trend across the three substrates, as shown in Figure 3.1-a. In
each case, the highest production rate was observed during the first day of
operation, as indicated by the steep initial slope of the cumulative production
curves. From day 2 onward, the production rate decreased markedly, and the
curves progressively flattened, indicating a slowdown in microbial activity.
Among the tested substrates, permeate achieved the highest cumulative biogas
production, reaching 237 N mL/gys, followed closely by retentate and aliment,
which yielded 233 and 226 N mL/gvs, respectively. H> production Figure 3.1-b
exhibited a similar temporal pattern, with the maximum production rate occurring
within the first day and accounting for approximately 70-85 % of the total H»
generated. After this initial phase, permeate and retentate displayed a slower but
more sustained H> production compared to aliment, until day 4, when both
substrates surpassed the H» yield obtained from aliment. Permeate and retentate
reached a production plateau on day 6, whereas aliment stabilized earlier, on day
4. Overall, the highest H> yield was obtained in permeate-fed reactors, with a
maximum of 60 N mL/gys, followed by retentate and aliment, which reached 56
and 51 N mL/gys, respectively.
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CH4 production exhibited a distinct pattern compared to H> and total biogas, as
illustrated in Figure 3.1-c. Following a sharp increase during the first day, CH4
production rapidly reached a plateau in all configurations and remained nearly
constant until day 6, with cumulative CHj4 yields remaining below 6 N mL/gys in
all cases. From day 7 onward, however, a renewed increase in CH4 production
was observed in the retentate- and aliment-fed reactors. This increase became
particularly pronounced after day 9, as indicated by the steep slope of the curves,
and culminated in maximum CHy yields of approximately 9 and 10 N mL/gvs on
day 11 for retentate and aliment, respectively.

In contrast, the permeate-fed configuration did not exhibit any further increase in
methane production after day 2, instead maintaining a stable plateau throughout
the remainder of the experimental period. The delayed CH4 production observed
in the retentate and aliment reactors may be attributed to the activation of
methanogenic microorganisms that were not completely eliminated during
inoculum pretreatment. These Hz-consuming microorganisms likely became
active after the Hx-producing phase had declined, leading to the onset of
methanogenesis. This phenomenon appears to be less pronounced in the permeate
configuration, suggesting a more effective suppression of methanogens under
these conditions.

CO> production, reported in Figure 3.1-d, followed a trend closely resembling that
of total biogas production. As observed for biogas, the highest CO» production
rate occurred during the first day of operation, followed by a slower and more
gradual increase from day 2 until the end of the experiment. The highest
cumulative CO; yield was obtained in the permeate-fed reactors, reaching 172 N
mL/gvs, while retentate and aliment achieved slightly lower values of 166 and 156
N mL/gys, respectively.

The composition of the produced biogas is presented in Figure 3.1-e. H> reached
maximum concentrations of 25 % in the permeate-fed reactors and 24 % in both
the retentate- and aliment-fed configurations. In all cases, CO> was the dominant
component of the biogas, accounting for approximately 71-72 % of the total
volume. CH4 was detected in all configurations, although at relatively low
concentrations, with a maximum of 5 % in the aliment-fed reactors, followed by 4
% in the retentate and 2 % in the permeate configurations. The variable
effectiveness of thermal pretreatment across the different configurations is not
entirely clear. One possible explanation is the inherent variability of the inoculum,
which may have influenced the consistency of the pretreatment outcome. Under
such conditions, methanogens that survived thermal pretreatment, although
partially weakened, may have recovered and competed with H-producing
microorganisms, thereby contributing to CHs formation.

No significant differences in overall biogas production were observed among the
three substrates, indicating comparable fermentability under the tested conditions
(p > 0.05). This finding suggests that permeate, retentate, and aliment can be
interchangeably employed as sugar-rich substrates for dark fermentation.
Digestates from the dark fermentation stage were further analyzed for VFAs,
specifically acetic, propionic, and butyric acids, to evaluate the metabolic

118



pathways involved in the process. The results are shown in Figure 3.1-f. Overall,
the VFAs profiles were relatively homogeneous across the different
configurations. The presence of all three acids likely results from the availability
of readily fermentable compounds in the starch wastewaters. Acetic acid was
detected in all reactors, with concentrations ranging from 2.23 to 3.42 g/L, while
propionic acid was also present in all samples, although at lower and more
variable concentrations. The highest propionic acid concentration was observed in
the aliment-fed reactor (1.0 g/L), followed by the permeate- and retentate-fed
reactors with 0.20 and 0.12 g/L, respectively. Butyric acid was the predominant
acid in all configurations, reaching concentrations of 6.7 g/L in the aliment-fed
reactor, 6.6 g/L in the retentate-fed reactor, and 3.9 g/L in the permeate-fed
reactor. Consequently, total VFAs concentrations amounted to 6.4 g/L for
permeate, 10.1 g/L for retentate, and 11.1 g/L for aliment. Two of these values
exceeded the inhibitory threshold of 8 g/L reported by Cremonez et al. (2021)
while in the permeate-fed configuration, acid concentrations were lower than in
the other cases, although they remained relatively high. The accumulation of these
acids may have contributed to process inhibition, as indicated by the marked
decrease in production rate observed from day 2 onward, likely due to the
inhibitory effects associated with elevated VFAs levels. The predominance of
acetic and butyric acids aligns with what was stated by Das and Basak (2021).

DF of starch wastewater was also investigated by Nasr et al. (2013) using a 28 L
up-flow anaerobic staged reactor (UASR) operated under mesophilic conditions.
The effects of different OLR (ranging from 18 to 108 gcop/L d) and S:I ratios
(0.5-2.8 gcop/gvss d) were evaluated. The maximum H; yield, 233 N mL/gys, was
achieved at an OLR of 54 gcop/L d and an S:I ratio of 1.4 gcop/gvss d. This value
is higher than that obtained in the present study, which may be attributed to
improved process control associated with the reactor design, such as optimized
mixing, HRT, and initial pH conditions.

Starch fermentation was also examined by Bao et al. (2012). who investigated
hydrogen production using pure cultures of Bacillus and Brevundimonas strains.
The experiments were conducted in 1 L batch reactors at 35 °C, testing each strain
individually and in mixed cultures at different ratios. The highest H> yield (129 N
mL/gvs), along with the highest H> content in biogas (60 %), was obtained when
the two strains were mixed at an equal ratio. The yields reported in this study were
higher than those achieved in the present work, likely due to the use of selected
Hz-producing strains rather than a mixed microbial community derived from an
anaerobic digestion plant. The authors also investigated VFAs production and
reported acetic and butyric acids as the predominant metabolites formed by the
mixed cultures. However, VFAs concentrations remained below 2 g/L in all cases,
indicating a metabolic shift compared to the present study, where higher acid
accumulation was observed.

As discussed in Section 2.3.7, Upflow Anaerobic Sludge Blanket (UASB)
reactors are widely used for treating high-COD wastewaters, such as starch-based
effluents investigated in this chapter (Mainardis et al. 2020). Several studies have
evaluated their performance with this type of substrate.
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C. Fang et al. (2011) investigated the anaerobic digestion of potato starch
wastewater using both a UASB reactor and an expanded granular sludge bed
(EGSB) system, which operates at higher superficial up-flow velocities. The
reactors had volumes of 1.2 L (UASB) and 1.0 L (EGSB) and were operated at 37
°C. The UASB achieved a maximum methane yield of 240 mL/gvs at an OLR of
5.1 gcon/L d, while the EGSB reached 380 mL/gys at an OLR of 3.2 gcop/L d.
These results confirm the suitability of both configurations for treating starch-rich
wastewater. Although UASB systems can tolerate higher OLR and VFAs
accumulation, the EGSB showed higher methane production under stable
conditions, highlighting the advantages of enhanced mass transfer in this
configuration.

X. Lu et al. (2015) further studied synthetic starch wastewater in a 6 L. UASB
reactor operated at 35 °C, varying the HRT from 24 to 3 hours. The best
performance was observed at an HRT of 6 hours, with COD removal reaching
98.7 %. At shorter HRTs, VFAs accumulation led to process instability,
highlighting the importance of optimizing operating conditions to maintain stable
performance.

Despite its potential in starch wastewaters AD, UASB configuration was not
considered in the present thesis due to technical limitations of the available
laboratory equipment, which prevented its proper implementation at the required
scale and operating conditions.
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3.3.3 Two-stage anaerobic digestion of starch wastewaters:
anaerobic digestion

The second stage of the process (AD) utilized the digestate from the DF stage as
the primary substrate. This digestate was combined with non-pretreated CAS
inoculum at a 1:1 ratio while maintaining a TS content of 6 %.

Biogas and CHs production over the 21-day experimental period are shown in
Figure 3.2-a and -b. All configurations exhibited biogas generation, with
comparable overall trends. During the initial phase (days 0-3), biogas production
rates were relatively low, as indicated by the gentle slope of the curves. Between
days 4 and 11, biogas production accelerated markedly in all reactors, resulting in
steeper curves. In the final phase, production rates progressively declined, and a
plateau was reached around day 13 for the permeate- and retentate-fed reactors,
with cumulative biogas yields of 140 and 159 N mL/gvs, respectively. In contrast,
the aliment-fed configuration showed a more gradual increase, reaching the
highest final biogas yield of 176 N mL/gys toward the end of the experiment.

CHg4 production followed trends like those observed for total biogas. An initial
phase characterized by slow CH4 accumulation was followed by a period of rapid
production up to day 11, after which CH4 generation rates decreased sharply in all
configurations. The permeate-fed reactors exhibited the lowest CHs production,
achieving a maximum of 99 N mL/gys, whereas both retentate- and aliment-fed
reactors reached higher values of approximately 125 N mL/gys.

CO; production (Figure 3.2-c¢) also showed a consistent pattern among the
substrates. The highest CO> production rates were observed during the first 11
days, followed by a more gradual increase toward the end of the experiment. The
aliment-fed reactors reached the highest cumulative CO; yield (51 N mL/gys),
while retentate- and permeate-fed configurations attained slightly lower values of
41 and 37 N mL/gvs, respectively.

Statistical analysis indicated no significant differences in cumulative biogas
production among the three substrates during the second stage of TSAD (p >
0.05). Similar to the results observed during the DF stage, the influence of
substrate type on biogas and CH4 production during the subsequent AD phase was
limited. These findings suggest that permeate, retentate, and aliment can be used
interchangeably as feedstocks for producing a digestate suitable for the second
stage of the process.

The biogas composition for all configurations is presented in Figure 3.2-d. CHa
was the dominant component in all cases, accounting for 71 % in permeate-fed
reactors, 77 % in retentate-fed reactors, and 71 % in aliment-fed reactors. CO»
concentrations ranged between 23 % and 28 %. Notably, although retentate-fed
reactors exhibited slightly lower cumulative CHy yields than aliment-fed reactors,
their relative CH4 content in biogas was higher. Conversely, despite aliment-fed
reactors achieving the highest absolute CH4 yield, their CH4 percentage was
comparable to that of permeate-fed reactors. No H> was detected during the AD
stage.
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The performance of the proposed system can be compared with that reported
by Zhang et al. (2020) who investigated a two-stage process consisting of
photofermentation followed by AD of enzymatic hydrolysates obtained from
corncob powder. In their study, photofermentation was carried out in 250 mL
conical flasks at 30 °C, while anaerobic digestion of photofermentation effluent
was performed at 35 °C. H production in the first stage reached 22 mL/gvs,
whereas CH4 production during the second stage amounted to 141 mL/gvs. As
discussed previously, the H» yields obtained in the present study were higher,
likely due to the greater availability of readily fermentable sugars in starch-based
wastewaters compared with corncob hydrolysates. In contrast, CHs yields were
comparable to those achieved during the second stage of the present system.
Cremonez et al. (2020) investigated TSAD applied to a polymer derived from
cassava starch. Following thermal pretreatment of the inoculum at 100 °C for 30
min, DF was carried out in a 5 L acidogenic reactor operated in semi-continuous
mode at 37 °C with HRT of 5 days. The second stage consisted of a 12 L
methanogenic reactor operated under mesophilic conditions with an HRT of 20
days. H» yield in the first stage reached 20 mL/gvs, while CH4 production in the
second stage reached 249 mL/gvs. H> yields were lower than those obtained in the
present study, likely due to the more complex nature of the substrate. Conversely,
CHy yields were approximately twice those observed here. This difference may be
attributed to the high concentration of fermentable carbohydrates remaining in the
DF effluent, as suggested by the relatively low biogas production during the first
stage, which likely preserved substantial substrate availability for CH4 generation.

Overall, although the CH4 yields obtained in this study can be considered
satisfactory, they remain lower than those reported in comparable studies. This
suggests that further optimization of operating conditions and process
configuration may be required to enhance methane recovery.
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3.3.4 Two-stage anaerobic digestion of fruit and vegetable waste
and starch wastewaters: dark fermentation

This experimental campaign evaluated the feasibility of integrating DF and AD in
a sequential process, applying a TSAD process to three glucose-rich substrates
(aliment, permeate, and retentate) co-digested with FVW. Six different
configurations were investigated by varying both the substrate type and the TS
content in the reactors. Each starch-derived wastewater (aliment, permeate, or
retentate) was mixed with FVW at a ratio of 70/30 % on a VS basis and tested
under batch conditions at two TS levels, namely 3 % and 6 %.

Biogas production began on day 1 in all configurations; however, the production
profiles differed among the six setups over the course of the experiment, as shown
in Figure 3.3-a. In all cases, the highest biogas production rate occurred during
the first day of operation, as indicated by the steep initial slopes of the cumulative
production curves. From day 2 onward, biogas generation markedly decreased in
most configurations, with progressively flatter curves suggesting reduced
microbial activity. Two notable exceptions were observed in the reactors co-
digesting FVW with permeate and retentate at 3% TS (Permeate 3% and Retentate
3%), which exhibited a renewed increase in biogas production rate from
approximately day 6 until day 8. Among all configurations, Retentate 3%
achieved the highest cumulative biogas yield, reaching 225 N mL/gvs, followed
by Retentate 6% and Aliment 6%, which produced 173 and 176 N mL/gvs,
respectively. The remaining configurations exhibited lower biogas production,
with Permeate 3% reaching 142 N mL/gvs, followed by Aliment 3% and
Permeate 6%, which achieved 112 and 108 N mL/gys, respectively.

H: production Figure 3.3-b displayed a markedly different trend compared to total
biogas. In all configurations, the maximum H> production rate occurred within the
first two days of operation, accounting for approximately 95 % of the total H»
produced. After this initial phase, H» generation declined sharply in all reactors, as
reflected by the very low slopes of the cumulative curves. Retentate 3% again
represented a partial exception, showing a slight increase in Hz production from
day 6 until day 8. Overall, the highest H> yield was obtained in Retentate 6%,
reaching 39 N mL/gys, followed by Aliment 6% and Permeate 6%, with yields of
28 and 27 N mL/gvs, respectively. Among the configurations operated at 3 % TS,
Permeate 3% achieved 26 N mL/gvys, while Retentate 3% and Aliment 3% yielded
20 and 17 N mL/gys, respectively.

CH4 production exhibited a distinct behavior compared to both H> and total
biogas, as illustrated in Figure 3.3-c. In most configurations, CHs generation
started slowly and reached a plateau between days 2 and 3, with cumulative CH4
yields remaining below 3 N mL/gvs. The only exception was Retentate 3%, which
showed an increase in CH4 production from day 4 to day 6, reaching a maximum
of 7 N mL/gyvs. Compared to the results discussed previously, the survival and
activity of methanogens appeared less pronounced in this experimental campaign,
as CH4 production ceased in all configurations after day 6.
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COs production Figure 3.3-d closely followed the trend observed for total biogas.
As with biogas, the highest CO» production rates were recorded during the first
day of operation, followed by a slower and more gradual increase from day 2 until
the end of the experiment. Retentate 3% again showed the highest cumulative
CO3 yield, reaching 198 N mL/gvs, followed by Retentate 6% and Aliment 6%,
with yields of 136 and 144 N mL/gvs, respectively. The remaining configurations
produced lower amounts of CO2, with Permeate 3% reaching 115 N mL/gys,
followed by Aliment 3% and Permeate 6%, which yielded 94 and 79 N mL/gvs,
respectively.

The composition of the biogas produced during DF stage is presented in Figure
3.3-e. Hy reached its highest concentrations in the configurations operated at 6%
total solids, with maximum values of 25 % in Permeate 6% and 22 % in Retentate
6%. Lower H» fractions were observed in the remaining configurations, namely
Permeate 3%, Aliment 6%, and Aliment 3%, which reached 18 %, 16 %, and 16
%, respectively. The lowest H> concentration was measured in Retentate 3%,
where H> accounted for only 9 % of the biogas. This result is interesting, as
Retentate 3% was also the configuration that achieved the highest cumulative
biogas yield, indicating that elevated biogas production does not necessarily
correspond to enhanced H» generation.

In all configurations, CO> was the dominant component of the biogas,
representing between 73 % and 88 % of the total volume, depending on the
substrate and total solids content. CH4 was detected in all reactors, although at
relatively low concentrations, with a maximum of 3 % in Retentate 3%, followed
by 2 % in Permeate 6%. These low CHjs fractions indicate a generally effective
inhibition of methanogenic activity during the DF stage, although some residual
activity cannot be excluded.

Statistically significant differences in cumulative biogas production were
observed among the six configurations. In particular, Retentate 3% outperformed
the other setups, followed by Retentate 6% and Aliment 6%. However, this
comparison is based solely on total biogas production. In the context of DF, H»
yield represents the primary performance indicator; therefore, configurations
achieving higher H> production should be considered more favorable. In this
respect, the results indicate that co-digestion of starch wastewaters with FVW at
6% TS led to higher H» yields compared to operation at 3% TS, suggesting that
increased substrate availability positively influenced DF performance.

Digestates obtained from the DF stage were further analyzed for VFAs,
specifically acetic, propionic, and butyric acids, in order to gain insight into the
dominant metabolic pathways. The results are reported in Figure 3.3-f. Overall,
the VFAs profiles showed similarities across configurations. Acetic acid was the
most abundant acid in all reactors, followed by butyric acid, which represented the
second most concentrated VFAs in nearly all cases. Propionic acid was also
detected in all configurations, although at lower concentrations.

Acetic acid concentrations varied considerably among reactors, ranging from 1.23
to 7.89 g/L. Butyric acid reached a maximum concentration of 4.02 g/LL in the
Retentate 6% configuration, while its relative contribution varied between
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approximately 9% and 39% of total VFAs. The highest propionic acid
concentration was observed in Aliment 6% (1.44 g/L), followed by Retentate 6%
and Permeate 6%, with concentrations of 1.41 and 1.25 g/L, respectively.
Consequently, the highest total VFAs concentration was measured in Retentate
6% (13.3 g/L), followed by Permeate 6% (11.0 g/L) and Aliment 6% (9.1 g/L).
Notably, the highest VFAs concentrations were associated with the configurations
that also achieved the highest H> yields. This observation is consistent with the
metabolic activity of DF microorganisms, which simultaneously produce H> and
VFAs. The relatively higher proportion of propionic acid observed in this
experimental campaign compared to previous studies may indicate a partial shift
in microbial metabolism, potentially induced by the co-digestion of starch
wastewaters and FVW. A synergistic interaction between these substrates may
have favored metabolic pathways leading to increased propionate formation.

DF of starch wastewater was also examined by Wadjeam et al. (2019) who
investigated its co-digestion with buffalo dung in an 8 L CSTR operated at 30 °C.
The system was run under HRT ranging from 48 to 72 h. The highest H» yield
was achieved at an HRT of 60 h, reaching 16.9 mL/gcopadded. In addition to
hydrogen production, the authors analyzed VFAs formation. Butyric acid was the
dominant fermentation product, with a concentration of 3.62 g/L, followed by
propionic acid (0.57 g/L) and acetic acid (0.43 g/L). This VFAs distribution
differs from that observed in the present study, suggesting that distinct microbial
metabolic pathways were favored under the operating conditions adopted by
Wadjeam et al. (2019). Such differences can reasonably be attributed to variations
in inoculum origin, pretreatment strategy, and reactor operation, all of which are
known to strongly influence microbial community structure and, consequently,
process efficiency and fermentation pathway.
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3.3.5 Two-stage anaerobic digestion of fruit and vegetable waste
and starch wastewaters: anaerobic digestion

The second stage of the process (AD) employed the digestate obtained from
the DF stage as the sole substrate. The digestate was mixed with non-pretreated
CAS inoculum at a substrate-to-inoculum ratio of 1:1 on a VS basis, while
maintaining a TS content of 6%. Only the three DF configurations that achieved
the highest H» yields were selected for the AD stage. As the DF results indicated a
better overall performance at 6% TS, only these conditions were further
investigated. For simplicity, the three selected configurations are hereafter
referred to as Permeate, Retentate, and Aliment.

Cumulative biogas and CH4 production over the 21-day experimental period
are presented in Figure 3.4-a and -b. All configurations produced biogas and
exhibited comparable overall trends. During the initial phase of operation (days 0-
3), biogas production rates were relatively low, as indicated by the gentle slopes
of the curves. This was followed by a phase of accelerated biogas generation
between days 4 and 11, during which all reactors showed a marked increase in
production rates. In the final phase, biogas generation gradually slowed, and a
plateau was reached at different times depending on the substrate. Retentate
reached its maximum biogas yield around day 10, whereas permeate and aliment
continued producing biogas until approximately day 16. The highest cumulative
biogas yield was achieved by retentate (66 N mL/gvs), followed by the aliment
(57 N mL/gvs) and permeate (54 N mL/gvs), respectively. Notably, the retentate
configuration was also the first to reach its maximum CHj yield, reflecting its
higher production rate compared with permeate, which reached a plateau around
day 15, and aliment, which continued producing CH4 until day 21.

CHa4 production followed trends like those observed for total biogas. An initial
phase characterized by slow CH4 accumulation was followed by a period of rapid
production, which lasted until approximately day 8 for both permeate and
retentate. In contrast, the aliment exhibited a delayed plateau phase, reaching
stable CH4 production only after day 15. Permeate showed the lowest cumulative
CHg4 yield (40 N mL/gys), while retentate and aliment reached slightly higher
values of approximately 45 and 41 N mL/gyvs, respectively.

CO; production, shown in Figure 3.4-c, also displayed consistent trends
across the three configurations. The highest CO2 production rates were observed
during the first 15 days in the aliment configuration, whereas permeate and
retentate reached a plateau earlier, around day 11, followed by a slower increase
until the end of the experiment. Retentate achieved the highest cumulative CO>
yield (20 N mL/gvs), while permeate and aliment reached slightly lower values of
14 and 16 N mL/gvs, respectively.

Statistical analysis revealed significant differences in cumulative biogas
production among the three configurations during the AD stage. In particular, the
retentate-based digestate produced significantly higher amounts of biogas and
CHas, indicating a clearer influence of substrate type during the methanogenic
phase. These findings suggest that retentate performs slightly better than the other
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effluents under the tested conditions, although the overall yields remained lower
than those reported in the previous chapter.

The biogas composition of all configurations is shown in Figure 3.4-d. CHa
was the dominant component in all cases, accounting for 73 % in permeate, 69 %
in retentate, and 73 % in aliment. CO> concentrations ranged between 27 % and
31 %. Although permeate and aliment achieved lower cumulative CH4 yields than
retentate, their relative methane content in the biogas was slightly higher. No
hydrogen was detected during the AD stage.

The performance of the proposed system can be compared with that reported
by Cremonez et al. (2024), who investigated TSAD applied to cassava starch-
based polymer (CSP) and papaya waste at different mixing ratios. In their study,
DF inoculum was thermally pretreated at 100 °C for 30 min, and both stages were
carried out in 4 L reactors, with DF operating at 45 °C and AD at 37 °C. The
maximum H; yield reached 100 mL/gvs in the configuration containing 75 % CSP
and 25 % papaya waste, while CH4 production in the second stage reached 525
mL/gvs. The H> yields obtained in the present study were lower, likely due to
differences in process control and reactor configuration. Similarly, CHs yields
were substantially higher in the cited study.

Comparable results were reported by Khongkliang et al. (2015), who
investigated TSAD applied to cassava, rice, and corn starch wastewaters at
concentrations of 5, 10, and 15 g/L. DF and AD were performed in 500 mL
reactors under thermophilic conditions. Maximum H> was achieved for a
concentration of 5 g/L and reached 81.5, 74.3, and 79.8 L/kgcop for cassava, corn,
and rice wastewaters, respectively, while methane production in the second stage
ranged from 280.3 to 310.5 L/kgcop. Both H2 and CH4 yields were considerably
higher than those obtained in the present study, likely due to the simpler and more
controlled nature of the synthetic starch substrates used.

Overall, H2 and CHj4 yields obtained in this TSAD study remain lower than
those reported in comparable studies. This outcome can likely be attributed to
limitations in the experimental setup, particularly the absence of automatic mixing
and pH control, which may have restricted optimal microbial activity. In addition,
variability in the inoculum composition can significantly influence process
performance, as differences in microbial communities may promote alternative
metabolic pathways. These considerations indicate that further optimization of
both operating conditions and reactor configuration is necessary to improve
process stability and enhance energy recovery.
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Chapter 4

4. Dark fermentation and
anaerobic digestion applied to
animal-based biomasses

Paragraphs 4.2 and 4.3 of this chapter were developed in collaboration with
the University of Western Ontario (London, Canada) under the supervision of Dr.
George Nakhla and his research team. The direct contribution of the thesis author
is limited to paragraph 4.2, which presents the results of the research conducted
during her visiting period at Western University. Paragraph 4.3 reports the
continuation of this research, which was carried out by Dr. Nakhla and his teams.

Part of this research will be part of a publication:

Basem Haroun, Mohamed El-Qelish, Hossein Naeimi, Gaia Mazzanti,
Christopher Muller, Embrey Bronstad, Shubhashini Oza, Farokh Kakar,
Katherine Y. Bell, Tonia Tommasi, Francesca Demichelis, George Nakhla.
“Integration of Microbial Hydrolysis by the Enriched Hyper-thermophilic
Cellulose Degrading Caldicellulosiruptor bescii with Anaerobic Digestion ”
(under review).

4.1 Dark fermentation of cow manure and milk
wastewater

In the previous chapter, dark fermentation (DF) and anaerobic digestion (AD)
were applied to plant-based biomasses, resulting in the production of relevant
amounts of both H, and CH4. However, agro-industrial residues also include
animal-based biomasses, such as manure and dairy-related waste streams, which
represent an important and widely available resource.
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Cow manure (CM) is the dominant type of livestock waste, accounting for

approximately 75 % of total manure production and reaching about 1.4 billion
tons per year in the European Union. Its composition strongly depends on the
manure management system. For instance, liquid manure is typically generated in
facilities with slatted floors, whereas solid manure is produced when animals are
housed on bedding materials such as straw or sawdust. Manure is commonly
applied directly to agricultural land because of its high nutrient content, including
N, P, K, S, and Mg. These elements contribute to soil fertility and help regulate
soil pH (Koninger et al. 2021). However, direct land application is also associated
with several environmental risks. Pathogens present in manure may contaminate
soil and water bodies, while excess nutrients can lead to leaching and increased
pollution.
Composting has been proposed as an alternative management option, but this
practice is linked to greenhouse gas emissions due to carbon and nitrogen losses
during the process (Font-Palma 2019). In addition, emissions may also occur
during manure collection, storage, and treatment, mainly as a result of ammonia
volatilization (Koninger et al. 2021).

Dairy industries are a relevant agri-food sector in Italy since 13 Mt of milk
were gathered in 2021 (ISTAT Official Statistic Data on the Italian Agricultural
Sector, 2021). Dairy product generation is associated with the production of
cheese whey, which is characterized by a high BOD and COD. It mostly contains
lipids, carbohydrates, soluble vitamins, minerals, and protein (Ahmad et al. 2019).
Another by-product of dairy production is the wastewater generated in milking
parlors. After fresh milk is collected from cows, the milking equipment and
surrounding areas are rinsed with clean water, producing a wastewater stream that
is chemically similar to diluted milk.

Numerous studies have investigated the application of DF and AD to CM and
dairy industry wastes, either as standalone processes or within a two-stage
anaerobic digestion (TSAD) configuration. Xing et al. (2010) studied DF of dairy
manure using 250 mL serum bottles operated at 36 °C. In this work, Hz-producing
microorganisms were obtained by heating the manure itself in an infrared oven for
2 h. Before DF, the substrate was subjected to different pretreatments to identify
the most suitable strategy for H> production, including acidic pretreatment with
HCI, alkaline pretreatment with NaOH, and infrared treatment. While untreated
manure achieved an H» yield of 13 mL/gys, the highest yield (18 mL/gvs) was
obtained after acidic pretreatment. Shuang Liu et al. (2020) examined DF of cattle
manure co-digested with food waste in 500 mL flasks at 35 °C, achieving an H>
yield of 30.22 mL/gvs. The higher yield compared to mono-digestion studies was
attributed to improved nutrient balance resulting from co-digestion of the two
substrates. Thermophilic DF of cow manure was investigated by Wang et al.
(2013) using a 2 L semi-continuous CSTR operated at 50, 60, and 70 °C. H»
yields of 5.73, 10.25, and 3.3 mL/gys were obtained, respectively. Although the
highest production was observed at 60 °C, the overall yields remained relatively
low. This behavior was likely caused by rapid accumulation of volatile fatty acids
(VFAs), which led to microbial inhibition over a short operational period. Similar
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results were reported by (Yokoyama et al. 2007) who tested dry DF of cow
manure at 37, 47, 55, 60, 67 and 75 °C in 625 mL glass bottles. They reached a
maximum H; yield of 0.09 mL/gys at 60 °C.

TSAD applied to cow manure has been investigated in several studies, often

in combination with co-substrates to improve process performance. Bertin et al.
(2013) evaluated the TSAD of a mixture of cow manure and cheese whey using
different volumetric ratios, ranging from 0% to 100% with 10% incremental
variations. DF was carried out in 100 mL glass bottles at 35 °C. The highest H»
yield, equal to 84 mL/gvs, was achieved with a 50:50 manure-to-whey ratio, while
the subsequent AD stage produced 258 mL/gvs of CHs. Both results were
considered satisfactory, with the H» yield being notably higher than those reported
for mono-digestion of manure, further highlighting the advantages of co-digestion
in TSAD systems.
Favorable outcomes were also reported for TSAD of cheese whey alone. Lembo
et al. (2022) conducted TSAD using two continuously fed CSTR reactors,
obtaining an H» yield of 120 mL/gyvs and a CHy yield of 340 mL/gvs. These
results confirm the high suitability of dairy industry residues, particularly cheese
whey, as feedstocks for TSAD, due to their high biodegradability and favorable
composition for both hydrogen and methane production.

4.1.1 Goal

To the best of the authors’ knowledge, DF or AD applied to CM in
combination with milk wastewater (MWW) has not been specifically addressed in
the available literature.

To address the limited data on MWW, this study examines its behavior when
combined with a widely used substrate such as cattle manure in DF. The use of
MWW also allows partial replacement of fresh water by exploiting its intrinsic
moisture content.

Overall, the results provide further insight into the applicability of DF and
anaerobic digestion for mixed agro-industrial residues. They also support the
evaluation of these systems within a circular economy framework.

4.1.2 Materials and method

4.1.2.1 Substrates and inoculum characterization

The inoculum employed in DF and AD was the mesophilic digestate of cow-
agricultural sludge (CAS) provided by “Cascina La Speranza” (Fossano, Cuneo,
Italy). CM and MWW were supplied by a local agricultural cooperative
(Piedmont, Italy). Fruit and vegetable waste (FVW) was collected from household
residue (mass composition of 75% vegetables and 25 % fruits) and chopped
through a kitchen blender. MWW and FVW was frozen at -18 °C after its
collection to avoid natural decomposition while CM was stored in laboratory
fridge at 5 °C. MWW and FVW was defrosted before being fed into the
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fermentation system. CM, MWW and inoculum characterization are presented in
Table 4.1.

4.1.2.2 Inoculum and substrates pretreatment

In the present study, inoculum was thermally pretreated at 80 °C for 1 h to
eliminate H>-consumers and favor sporulation of Hz-producers. Similarly, MWW
was subjected to thermal pretreatment at 80 °C for 1 h to suppress the activity of
potential methanogens originating from the feedstock. Both the inoculum and
MWW were heated in an oven and covered with aluminum foil to minimize water
evaporation during treatment. For the same purpose, CM underwent acid
pretreatment as suggested by Xing et al. (2010). The pH of the manure was
adjusted to 4 by the gradual addition of 3 M HCI, monitored using a pH meter.

4.1.2.3 Process setup and operative condition

DF was performed in 250 mL Pyrex glass bottles (Duran, Germany) with a
working volume of 80% at 35°C. The heating was controlled by a 55 L
thermostatic water bath (Julabo-Corio-C, Merck, Germany). Reactors were
operated in batch feeding mode with 6 % of total solids and shaken manually to
keep the mixture homogeneous inside the reactor. Each reactor was sealed with a
two-port cap. Through one of the ports, anaerobic conditions were assured by
purging N> directly inside the biomass to change the volume of the reactor three
times and closing the port. The second port was connected to a 1 L Tedlar gasbag,
where biogas was collected. The duration of each assay depended on biogas or H»
production: testing was stopped when daily H> (for DF tests) production was less
than 1% of the overall production recorded during the period of preparation (VDI
4630 2006). The pH of each reactor was measured at the beginning and at the end
of the experiments. HCI was added to the reactors to lower the pH to around 7 in
DF. The experimental campaign consists of three configurations varying the
substrate: manure alone, co-digestion of FVW and CM (in a ratio 50/50 %, based
on V), and co-digestion of MWW and CM (in a ratio 95/5 %, based on VS). The
experiments were studied in replicates.

DF design, analytical methods, and data processing were carried out in
accordance with the procedures described in Sections 2.2.4 and 2.2.5 of this
thesis.

4.1.3 Results

The inoculum and substrates were characterized in terms of TS, VS and
elemental composition using a CHNS analyzer. The results are reported in 7Table
4.1. The TS contents of the inoculum and FVW were comparable, whereas MWW
showed a markedly lower TS content, below 1 %, reflecting its highly diluted
nature. In contrast, CM exhibited more than twice the TS content of the other
substrates. As the TS fraction exceeded 20 %, CM can be classified as a dry
substrate according to Koninger et al. (2021Db).
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All substrates displayed a high VS fraction, indicating a predominance of
organic matter that is readily biodegradable, in line with previous findings
(Martinez-Mendoza et al. 2023).

The TS content of CM observed in this study is within the range commonly
reported in the literature, typically between 20 % and 35 %. However, the VS/TS
ratio of the CM samples was higher than values generally reported, which usually
range between 70 % and 80 % (Bertin et al. 2013; Margarita A. Dareioti et al.
2022; S. Liu et al. 2020; Nkemka et al. 2014).

Elemental analysis highlighted carbon (C) and nitrogen (N) as key parameters
for evaluating substrate suitability for biological processes. As expected, CM and
MWW showed higher nitrogen contents than FVW, reflecting their animal-based
origin. Nevertheless, both substrates exhibited C/N ratios within ranges
considered appropriate for DF and AD.

Table 4.1 Chemical and physical characterization of inoculum, fruit and vegetable waste (FVW), milk
wastewater (MWW) and cow manure (CM).

Inoculum FYw MWW CM
TS (%) 8.85+0.25 10.89 £ 0.36 0.51+0.07 25.53+0.24
VS/TS (%) 73.24 +£0.45 85.04 +0.31 96.68 £ 0.07 91.62 +3.24
N (%) 2.83+0.22 1.52+0.13 2.90 +£0.02 3.89+0.68
C (%) 36.33+£0.77 41.65+£0.74 53.74 £3.98 61.23+9.83
H (%) 4.15+0.02 6.35+0.18 7.40+0.28 5.79+0.34
S (%) 0.57+0.02 0.21+0.01 0.34+0.04 0.78 £0.06
0 (%) 56.13 +0.54 50.27 +£0.99 35.63+4.23 28.32+10.76
C/N 1291 +£1.22 2749 +2.14 18.54 +4.30 15.79 £ 0.92

The experiment was carried out under three different configurations based on
substrate composition: CM combined with FVW, CM alone, and CM combined
with MWW. Figure 4.1-a and -b show the cumulative production of biogas and
H> over a 4-day period for the three configurations. Clear differences in gas
production trends were observed among the tested conditions.

When FVW was included as a co-substrate, higher biogas production was
achieved compared to the other configurations. In addition, H> production showed
a slight improvement in the presence of FVW, reaching 8 N mL/gvs, whereas both
CM and CM+MWW produced negligible amounts of H, with final yields close to
0 N mL/gvs. These results indicate that the addition of FVW contributed to
enhanced H» formation, likely due to its high content of readily fermentable
carbohydrates. In contrast, substrates of animal origin appeared to strongly limit
H: production. Despite the positive effect of FVW, the overall H> yield remained
too low to be considered satisfactory for DF.

CO; production (Figure 4.1-d) followed trends like those observed for Ho.
The CM+FVW configuration showed the highest cumulative biogas and CO>
yields, reaching 120 and 100 N mL/gvs, respectively. Lower values were
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measured for CM+MWW (23 and 20 N mL/gvs) and CM alone (15 and 13 N
mL/gvs). Notably, CH4 production did not display a flat or negligible profile in
any of the tested conditions. Instead, all configurations showed a continuous
increase in CH4 concentration from day 0 to day 4, suggesting that methanogenic
activity was not fully suppressed Figure 4.1-c. Although final CHy4 yields
remained below 7 N mL/gvs, the increasing trends indicate that methanogenesis
was progressively developing and beginning to compete with H>-producing
pathways.

Gas composition analysis further supports these observations. Only the
CM+FVW configuration showed a detectable H» fraction, accounting for
approximately 7 % of the total biogas, followed by 6 % CHs, while CO»
represented the dominant component (87 %). Similarly high CO: proportions
were observed in CM and CM+MWW, accounting for 84 % and 89 %,
respectively, with CH4 representing most of the remaining fraction (approximately
15 and 11 %).

Overall, the results indicate that DF was not effectively established under the
tested conditions, as reflected by the very low H» yields. While the addition of
FVW slightly improved H: production due to its favorable substrate
characteristics, co-digestion with CM was insufficient to sustain an efficient DF
process. The poor performance can be attributed to the intrinsic nature of CM and
MWW, which are likely to contain active methanogenic populations due to their
animal origin. Although pretreatments were applied to both substrates, they were
not sufficient to fully inhibit methanogens. It is likely that these microorganisms
survived the pretreatment, remained metabolically active, and eventually
outcompeted Hx-producing bacteria. For this reason, the second stage of TSAD
was not performed.

The low H> yields observed in this study are consistent with previous
literature on DF of cow manure. Xing et al. (2010), Wang et al. (2013) and
Yokoyama et al. (2007) reported maximum H> yields of 18, 10, and 0.09 N
mL/gvs, respectively. Additional experiments were conducted to confirm these
findings; additional experiments were conducted on this process but are not
reported here to maintain a focused scope and manageable length of the thesis.
However, they further indicated that animal-based biomasses may not be suitable
substrates for DF, primarily due to their microbial composition. Nevertheless,
such substrates have demonstrated good performance in conventional AD, despite
certain limitations. Accordingly, the second part of this chapter focuses on the
intensification of AD applied to substrates rich in lignocellulosic compounds,
such as primary sludge and cow manure, to improve CHs yields and overall
biodegradability of biomass waste.
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4.2 Mesophilic anaerobic digestion of primary sludge:
impact of feeding mode and post hyper-thermophilic
hydrolysis process

As mentioned before, animal-based biomasses have gained interest as
renewable resources for energy production. Among them, manure is an important
feedstock due to its abundance and relatively high calorific value. On the other
hand, its good management is essential due to its CH4 emissions as well as the
contamination of soil with pathogens (Samoraj et al. 2022). Another interesting
biomass waste is primary sludge (PS), which is collected at the bottom of the
primary clarifier in wastewater treatment plants (Sakaveli et al. 2024). Primary
sludge has a high energy content due to the presence of biodegradable compounds
such as proteins, carbohydrates, cellulose, and other organic material. Cellulose
originated from toilet paper flushed in public sewers and represents 30-50% of
suspended solids in wastewater (Crutchik et al. 2018). Both manure and primary
sludge can be employed as substrate for AD but even though they contain some
easily biodegradable matter, they also contain recalcitrant materials. Manure,
which is an agricultural biomass waste, contains lignocellulosic compounds that
are refractory to AD due to the cross-linked structure between lignin, cellulose,
and hemicellulose. This structure hinders the enzymatic activity during
fermentation, allowing just 40-50 % of its conversion. Enhancing the hydrolysis
stage is essential to address current limitations, and this can be achieved through
various pretreatment strategies (J. R. Kim and Karthikeyan 2021; S. R. Paudel et
al. 2017; Ahring et al. 2015). Among them, thermal pretreatments have been
extensively studied as they are associated with relatively simple operative
conditions and low investments as well as high efficiency. However, thermal
hydrolysis of lignocellulosic biomass usually takes place at approximately 160 °C
and 6.1 atm, causing high operational costs (S. Kim et al. 2023). Moreover, the
digestion substrate usually contains a portion of readily biodegradable matter,
which makes pretreatment just a resource an energy waste. As an alternative to
pretreatment, post-digestion treatment has recently gained interest as a lower
volume of biomass is treated, allowing lower costs (Svensson, Kjerlaug, et al.
2018).

Several studies report that post-treatments can enhance organic matter
solubilization or VS removal.

Hartmann and Ahring (2005) applied hyper-thermophilic post-digestion to
OFMSW and achieved a substantial increase in VS removal (from 74 % to 89 %).
However, this did not translate into higher CH4 yields and resulted in reduced
methane production in the second stage. Similarly, Kaparaju and Rintala (2005)
tested mechanical, thermal, chemical, and freeze—thaw post-treatments on the
solid fraction of digested cow manure. Despite reductions in TS and VS, no
significant improvement in CHy4 yield was observed, indicating limited benefits of
post-treatment for manure-based digestate. Negative or negligible effects were
also reported by Sambusiti et al. (2015), where thermal and alkaline post-
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treatments reduced CH4 production, likely due to the formation of inhibitory
compounds or changes in soluble COD composition. Axelsson Bjerg et al. (2024)
further showed that moderate thermal post-treatment was not suitable for digestate
rich in manure, as it led to process instability and VFAs accumulation.

Other studies demonstrate that post-treatment can be effective, particularly for
digestates with lower manure content. Boe et al. (2009) reported that thermal post-
digestion at 55 °C and 37 °C of digested cow and pig manure led to additional
biogas production (11.7% and 8.4%, respectively), while also improving process
stability.

Svensson, Kjerlaug, et al. (2018) observed increased methane yields and
solubilization after applying high-temperature thermal post-treatments (134-175
°C) to food waste and sludge digestates, with stronger effects at higher
temperatures and longer treatment times. Nordell et al. (2022) confirmed that
thermal post-treatment at 70 °C effectively increased dissolved organic carbon
and methane potential across several digestates, while remaining more feasible for
scale-up compared to higher-temperature options. Enzymatic post-treatment also
showed positive effects in Sambusiti et al. (2015), enhancing biodegradability
without the negative impacts observed for thermal and alkaline treatments.

Most studies on digestate post-treatment focus on batch configurations, where
treated digestate is evaluated in separate reactors or through biochemical methane
potential (BMP) tests. These works generally report improvements in methane
yield and organic matter solubilization, but they do not represent fully integrated
digestion systems. While useful for screening purposes, batch studies provide
limited insight into long-term process performance and stability under continuous
operation.

A limited number of studies have explored post-treatment coupled with
digestate recirculation to the main digester, demonstrating potential benefits in
terms of methane production and process stability.

Dohdoh (2019) showed that digestate recirculation can improve overall
methane yield and stabilize anaerobic digestion. Takashima (2008) applied a
thermal post-treatment at 120 °C to digested sewage sludge and recirculated the
treated fraction into a continuous digester. This approach resulted in increased VS
removal (6.3%) and a 21% increase in CHs production, confirming the
effectiveness of moderate thermal post-treatment combined with recirculation.

Bolzonella et al. (2020) further investigated this concept using digestate from
a manure-straw AD plant. Hyper-thermophilic post-treatment at 65 °C led to
methane yield increases of 15% in BMP tests and up to 38% in semi-continuous
experiments, with higher gains observed at longer post-treatment HRTs.

Operational parameters such as feeding strategy play a critical role in the
stability and performance of anaerobic systems treating both sludges and manure.
Excessive OLR can lead to VFAs accumulation and process inhibition, while
pulse feeding strategies may overstimulate microbial activity and destabilize the
system (Crutchik et al. 2018; Winter and Pearce 2008). Intermittent feeding has
been proposed as an effective approach to enhance microbial resilience and
maintain stable CH4 production.
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Intermittent feeding in anaerobic digestion has been examined in several
studies. For example, the work presented in Nebot-Sanz et al. (1995) investigated
wastewater from food processing industries treated in thermophilic anaerobic
filters equipped with stationary packing material and operated at a working
volume of 2.2 L. Wine vinasse was supplied either continuously or semi
continuously, and in the latter case, the authors evaluated feeding frequencies of
1,3, 6, 12, 24, and 48 doses per day while maintaining OLR between 3.5 and 4.4
gcon/L d. The degradation efficiency increased progressively with higher feeding
frequencies, reaching a maximum of 94.8 % under continuous operation. In
contrast, VFA concentrations decreased as the number of daily doses increased,
falling below 200 mg/L at the lowest point. Methane yield, however, was not
affected by the feeding frequency. Although continuous mode achieved the
highest removal efficiency, the authors noted that intermittent feeding may still
provide operational benefits by enhancing process stability and enabling easier
control during system disturbances.

Svensson, Paruch, et al. (2018) examined feeding frequency in the mesophilic
digestion of steam-exploded food waste in a 6 L reactor operated at 10 d HRT and
an OLR of 21 gcopn/L d. Feeding once per day and 10 times per day were
compared, resulting in methane yields of 236 and 305 mL/gcopadded, respectively,
demonstrating the benefits of intermittent feeding. VFAs profiles supported this
conclusion, particularly with respect to propionic acid, which accumulated to 636
mgcop/L in the once per day system but only 56 mgcop/L in the intermittently fed
reactor, indicating that propionic acid oxidation was inhibited under low feeding
frequency.

Food waste was used as substrate in AD by Pramanik et al., (2020) ina 160 L
mesophilic CSTR operated under two feeding regimes: daily feeding at HRT
values of 124, 62, 41, and 31 d, and feeding three times per week at HRT values
of 124, 62, and 35 d. The highest biogas yields were observed at 124 d HRT in
both cases, at 1.01 and 0.91 L/gvsadded, respectively. VS removal reached 88% in
the daily-fed system and 58% in the intermittently fed system, while COD
removal was 92% and 60%, respectively. These results again illustrate that more
frequent feeding improves both biogas production and organic matter removal.

The effect of intermittent feeding was also investigated by Ezieke et al.,
(2024) by digesting berry fruit waste in a 3 L mesophilic reactor operated at an
HRT of 25 d and an OLR of 1 gVS/L d. Feeding once per week and three times
per week were compared, and unlike several previous studies, no significant
difference in methane yield was observed, with both regimes producing an
average of 369 L/kgvs.

Similar findings were reported by Rasit et al. (2024), who examined palm oil
mill effluent digestion in two 1 L CSTRs operated at 35 °C with HRTs between 4
and 11 d and OLRs between 13 and 3.6 gcop/L d. Feeding once or twice per day
resulted in comparable performance in both digesters, with methane yields of 0.14
L/gcopremoveda and CHas concentrations of 57 % and 60 % in the biogas,
respectively.
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Winter and Pearce (2008) investigated the AD of PS through two mesophilic
60 L digesters fed several times per day with either surplus activated sludge
(SAS) or PS. While the feeding regime involved multiple daily inputs, the study
did not provide specific data on process stability in relation to feeding frequency.

Although literature does not present a fully unanimous perspective regarding
the impact of intermittent feeding, most studies highlight advantages associated
with pulse feeding. These benefits include improved process stability, reduced
shock loading, lower VFAs accumulation, enhanced organic removal, and, in
many cases, increased methane production. Collectively, these findings suggest
that intermittent feeding can serve as an effective operational strategy for
maintaining stable and efficient anaerobic digestion, particularly in systems
susceptible to overload or inhibition.

4.2.1 Goal

In this paragraph, advanced anaerobic strategies for the valorization of
organic residues are proposed with a specific focus on enhancing bioenergy
recovery through targeted thermal interventions and optimized process
configurations. To address the challenges associated with sludge stabilization and
CH4 production, the experiment focuses on the anaerobic digestion of PS
generated in wastewater treatment plants. First, the influence of the feeding mode
was investigated to assess the effectiveness of intermittent feeding on system
stability and process performance. Subsequently, considering the high content of
complex and slowly biodegradable organic matter in PS, a post-digestion
intensification strategy was examined with the aim of enhancing overall biogas
yields. Specifically, hyper-thermophilic hydrolysis of digestate sludge was applied
at 75 °C with a solid retention time (SRT) of 2 days, followed by recirculation of
the treated digestate back to the anaerobic digester. This approach was designed to
enhance the solubilization and biodegradability of recalcitrant compounds,
thereby increasing methane production without additional external substrates.

Overall, by exploring the anaerobic digestion and post-treatment of PS, this
work demonstrates how tailored anaerobic process configurations and thermal
strategies can be applied to recalcitrant organic waste matrices. The results
contribute to the development of sustainable bioenergy systems that support waste
minimization, renewable energy generation, and circular resource management.

4.2.2 Materials and method

4.2.2.1 Substrate and inoculum characterization

Inoculum was the waste activated sludge (WAS) from a wastewater treatment
plant. Both WAS and PS were collected from Greenway Wastewater Treatment
Center (London, Ontario, Canada). After collection, they were stored at 4 °C.
Total COD (TCOD), soluble COD (SCOD), ammonia, VFAs, total nitrogen (TN),
soluble nitrogen (SN), total suspended solids (TSS), volatile suspended solids
(VSS), TS, and VS were analyzed periodically to monitor system performance.
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4.2.2.2 Set-up and operative conditions

Two identical anaerobic digestion systems were operated in parallel as CSTRs
and are hereafter referred to as the control and test reactors (Figure 4.2). Both
systems were run under mesophilic conditions (37 °C) and monitored across four
consecutive operational phases. Each system consisted of a 10 L anaerobic
digester fed with PS at an OLR of 2.7 g COD/L/d and a SRT of 15 d. The
digesters were coupled to a dedicated 1 L hyper-thermophilic hydrolysis (HTH)
reactor operated at 75 °C with an SRT of 2 d. The digesters were designed for
semi-continuous operation and equipped with dedicated ports for feeding, effluent
withdrawal, and biogas sampling. Temperature control was ensured through a
circulating water jacket connected to a thermostatic water bath, maintaining stable
mesophilic conditions throughout the experiment. Mechanical mixing was
provided by a high-speed impeller at 3000 rpm to ensure complete
homogenization. Anaerobic conditions were established by purging the reactor
headspace with nitrogen gas prior to start-up. The experimental campaign aimed
to assess (i) the impact of feeding strategy on digester stability and performance
and (i1) the effectiveness of HTH as a post-treatment step for digested PS. The
study was structured into four operational phases. During the first phase (day 0-
75), both digesters were operated under conventional feeding conditions,
receiving a single daily feed of PS corresponding to an average organic input of
27 g COD/d. In the second phase (day 76-171), an intermittent feeding regime
was implemented, in which the daily PS load was divided into three equal
feedings per day. This feeding strategy was maintained during the third phase
(day 172-206) to allow the systems to reach steady-state conditions, typically
achieved after approximately three hydraulic retention time turnovers. In the final
phase (day 207-265), hyper-thermophilic hydrolysis was introduced as a post-
digestion intensification step. A portion of the digested sludge was treated in the
HTH reactor and subsequently recirculated to the main digester. The recirculation
ratio was set at 75%, corresponding to a feed mixture of 500 mL of HTH effluent
combined with 667 mL of fresh PS.

4.2.2.3 Analytical methods and data elaboration

TCOD, SCOD, ammonia, VFAs, TN, and SN were analyzed using HACH
methods and test kits (HACH Odyssey DR/2500 spectrophotometer manual).
TSS, VSS, TS, and VS were analyzed according to Standard Methods for the
Examination of Water and Wastewater (Rice et al. 2012). Daily biogas production
was measured using a wet-tip gas meter (Rebel Wet-Tip Gas Meter Company,
Nashville, TN, USA) while biogas composition including methane and carbon
dioxide was characterized using a gas chromatograph (Model 310, SRI
Instruments, Torrance, CA) equipped with a thermal conductivity detector (TCD)
and a molecular sieve column (Mole sieve 5 A, mesh 80/100, 6 ft. 1/8 in). Argon
was used as a carrier gas at a flow rate of 30 mL/min, and the temperature of the
column and thermal conductivity detector (TCD) were 90 °C and 105 °C,
respectively. Lignin, cellulose, and hemicellulose were characterized weekly for
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raw PS, DPS, and HTHs effluent according to NREL methods (Sluiter et al.
2008).

FEED  CSTR
(Primary Sludge) I8 EFFLUENT

HTH EFFLUENT EFFLUENT

;lrr

HTH reactor

Figure 4.2 a) Experimental setup and b) schematic representation of the system, featuring a 10 L CSTR connected to a 1L
hyper-thermophilic hydrolysis (HTH) reactor.

4.2.3 Results

4.2.3.1 Influence of intermittent feeding on performance of PS-fed
digesters

The performance of the two 10 L CSTRs is presented in Figure 4.3-a
expressed as liters of CH4 per gram of COD added. The discussion in this section
focuses primarily on the effect of intermittent feeding on overall process stability.

During the initial feeding phase, the PS fed to the reactors had average TS and
VS concentrations of 27200 and 20500 mg/L, respectively, while the average
TCOD and SCOD values were 39677 and 5109 mg/L, as shown in Table 4.2. The
initial pH of the PS was 5.4, and the alkalinity was 2.6 gcacos/L, which are typical
values for primary sludge and are likely related to its VFAs concentration of
approximately 1.6 g/L (Abdelrahman et al. 2023). From day 0 to 75, the system
exhibited marked instability, which is clearly reflected in the fluctuations of the
curve. CHs production averaged 0.14 £+ 0.09 L/gcopadded, With a biodegradability
of 34 = 21 %, indicating substantial variability in reactor performance. The large
standard deviation highlights alternating phases of elevated CH4 generation
followed by periods of nearly no production. The instability of the system is
further reflected in the SCOD removal efficiencies, which were only 20% in
CSTR 1 and nearly 0% in CSTR 2, indicating clear accumulation of soluble
organics in the reactors due to insufficient methanogenic activity. This is
consistent with the average SCOD concentrations measured during the period,
which were 4037 mg/L in CSTR 1 and 5141 mg/L in CSTR 2.

This behavior is further supported by the temporal profile of VFAs shown in
Figure 4.3-b, where both CSTRs display highly variable VFAs concentrations
throughout the 244 day evaluation (with an average of 1.6 and 2.6 g/L in CSTR 1
and CSTR 2, respectively). In AD, VFAs produced during the acidogenesis and
acetogenesis stages should be converted to CHs4 by methanogenic
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microorganisms. Accumulation of VFAs is generally indicative of process
imbalance or failure, as it reflects an interruption in their conversion. Moreover,
excessive VFAs accumulation, typically above 8 g/L, can result in process
inhibition (Cremonez et al. 2021). In the present study, the highest VFAs
concentrations occurred during the first operational stage, when the reactors were
fed once per day. Under these conditions, VFAs levels reached a maximum of 6
g/L in CSTR 1 and 3.7 g/ in CSTR 2. Although these values remained below the
reported inhibition threshold and therefore did not lead to complete system failure,
they were nonetheless associated with minimal CH4 production, falling to only
0.04 and 0 L/gcopadded for CSTR 1 and CSTR 2, respectively.

Beginning on day 76, an intermittent feeding strategy was introduced to
restore system stability and improve both CHs production and organic matter
removal. The feeding frequency was increased from once per day to 3 times per
day, while maintaining a total average organic loading of 27.7 gcop/d. During this
phase, the PS fed to the reactors had average TS and VS concentrations of 32500
and 24300 mg/L, respectively, and average TCOD and SCOD values of 37616
and 4792 mg/L. The initial pH of the PS was 6.1, and the alkalinity was 3.5
gcacos/L.

Despite the change in feeding strategy, the reactors continued to exhibit signs
of instability until approximately day 171, a behavior that can be attributed to the
microbial community’s need to adapt to the new operational regime. During this
transitional phase, CHs production averaged 0.23 + 0.09 L/gcopadded, and
biodegradability reached 57 + 22 %, reflecting a substantial improvement relative
to the initial period of the experiment, with increases of approximately 65 % in
both CHj4 yield and biodegradability. Further enhancement was observed from day
172 to day 206, prior to the implementation of high-temperature hydrolysis (HTH)
recycling, when CH4 production increased to an average of 0.245 + 0.014
L/gcopadded and biodegradability reached 61 + 3 %. The modest yet steady 8 %
increase observed in this phase suggests that the system was nearing steady-state
conditions. This is further confirmed by the pronounced reduction in standard
deviation values, indicating greater process stability under intermittent feeding.
The evolution of VFAs concentrations provides an even clearer illustration of the
beneficial effect of intermittent feeding. Whereas the once-per-day feeding regime
resulted in VFAs accumulation, the transition to intermittent feeding led to a
marked decrease, with average concentration dropping to 0.17 g/L in CSTR 1 and
0.18 g/L in CSTR 2. These reductions, corresponding to decreases of 90 and 93
%, respectively, are fully consistent with the improvements observed in CHs
production and biodegradability. The positive impact of the new feeding strategy
was further reflected in the removal efficiencies of organic matter: TCOD
removal increased by 12 % in CSTR 1 and 25 % in CSTR 2 when compared with
the first operational phase, while VS removal rose by 13 % and 23 %,
respectively. The most notable enhancement, however, was observed in SCOD
removal, which reached 80 % in CSTR 1 and 79 % in CSTR 2, representing a
dramatic improvement over the performance recorded under the once per day
feeding mode.
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These results demonstrate the effectiveness of intermittent feeding in the
anaerobic digestion of primary sludge. By increasing the rate of organic matter
conversion to CHs4 and preventing the accumulation of VFAs, the strategy
substantially improved overall system performance and contributed to a more
stable and efficient digestion process.

Intermittent feeding in anaerobic digestion has been examined in several
studies. For example, Ziels et al. (2017) investigated cattle manure and oleate
digestion in three 5.5 L mesophilic CSTRs operated with feeding regimes ranging
from once every two days to continuous feeding. VFA concentrations exceeded
3000 mg/L under continuous feeding but remained below 100 mg/L in pulse-fed
reactors. These results aligned with the higher substrate conversion achieved in
the intermittently fed system, where pulse feeding enhanced acetate utilization
kinetics and increased tolerance to organic overloading.

A similar evaluation was conducted by Bombardiere et al. (2007) who
operated a 40 m® thermophilic digester treating chicken litter slurry with loading
frequencies of 1, 2, 6, and 12 times per day and a constant daily feed of 50.9
gcop/L d. No statistically significant differences in methanogenic activity were
observed across the feeding modes. Biogas production was highest when feeding
occurred 6 or 2 times per day, reaching 20.5 and 19.6 m>/d, respectively, whereas
feeding once or 12 times per day resulted in lower production (17.1 and 17.2
m?*/d). The authors highlighted that more frequent feeding may offer operational
advantages by facilitating system maintenance and improving process monitoring
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Figure 4.3 Performance of CSTRI and CSTR 2: a) CHy yield as L/gcopadded and b) VFAs concentrations as mg/L.
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Table 4.2 Characterization

process.

of PS, CSTR 1, CSTR 2, HTH 1, HTH 2 during the four phases of the

Phase 1 (Day 0 — 75) PS CSTR 1 CSTR 2
pH 54+04 75+04 75+04
Alkalinity (g/L) 26+0.6 6.0+22 6.1+23
TCOD (mg/L) 39680 + 5150 22870 + 5980 26180 = 9300
SCOD (mg/L) 5110 = 1440 4040 = 1440 5140 + 3930
PCOD (mg/L) 34570 + 3710 18830 = 3710 21040 = 5370
VFAs (mg/L) 1660 + 1420 1630 £ 1170 2650 + 2020
TN (mg/L) 1330+ 210 1430 + 200 1390 + 260
SN (mg/L) 260 +90 670+ 110 700+ 110
Ammonia (mg/L) 190 + 80 590 + 120 610110
TS (g/L) 272+29 182+23 19.1+£27
VS (g/L) 205+22 104+16 11.6+23
TSS (g/L) 240+£2.8 16.5+2.2 17.2+24
VSS (g/L) 189+2.2 11.2+1.9 11.2+3.1
Phase 2 (Day 76 — 167) PS CSTR 1 CSTR 2
pH 6.1+0.6 7.8+0.2 7.7+0.2
Alkalinity (g/L) 36+1.2 57+1.2 5.6+0.9
TCOD (mg/L) 36800 + 13530 15550 + 5930 15690 + 5700
SCOD (mg/L) 4800 + 1370 970 £ 110 1030+ 110
PCOD (mg/L) 32010+ 12160 14580 + 5820 14660 + 5520
VFAs (mg/L) 2850 +290 170 + 30 190 +40
TN (mg/L) 1230 + 200 1420 + 180 1390 + 150
SN (mg/L) 270 £ 70 740 + 70 760 + 130
Ammonia (mg/L) 290110 730 £ 60 760 = 100
TS (g/L) 32.6+7.0 19.8+2.4 18.4+2.1
VS (g/L) 243+6.7 105+ 1.5 104+17
TSS (g/L) 267+2.1 16.8+ 2.1 173+2.9
VSS (g/L) 208+44 9.9+09 99+12
Phase 3-4
(Day 168 — 265) PS CSTR 1 CSTR 2 HTH 1 HTH 2
pH 55+0.2 7.7+0.1 7.8+0.2 79+0.1 8.1+0.1
Alkalinity (g/L) 09=+0.1 38+0.1 3.8+0.1 3.8+0.1 3.8+0.1
TCOD (mg/L) 446504950 13780+ 880 13750 + 1160 13910‘(‘)%i 13165(;?
SCOD (mg/L) 4740 + 1440 620+ 270 900 + 660 3000 + 400 2100 + 400
PCOD (mg/L) 36910+ 3510 13160+610 11040+540 11040 +500 1116141%i
VFAs (mg/L) 1670 + 400 320+ 100 370+ 170 660 £+ 190 610+ 110
TN (mg/L) 780 + 570 760 £ 520 820 + 580 890 + 610 810 £ 550
SN (mg/L) 290 + 230 460 + 370 870 + 730 590 + 480 730 + 600
Ammonia (mg/L) 160 £ 120 430 + 280 450 £ 300 500 £+ 350 520 £ 320
TS (g/L) 293+5.0 144+3.8 13.3+3.1 129+3.8 12.6 £ 3.6
VS (g/L) 246+54 94+22 9.1+2.5 8.4+2.0 83+1.6
TSS (g/L) 274+£45 13.3+3.5 12.3+2.7 11.7+3.5 11.2+3.5
VSS (g/L) 20.9+39 7.9+0.9 72+0.7 6.6+0.3 6.8+1.1

4.2.3.2 Application of hyper-thermophilic hydrolysis at 2d HRT

This section examines the application of HTH as a post-treatment step for
digested primary sludge (DPS) at an HRT of 2 d. After the post-treatment, the
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sludge produced in HTH 1 and HTH 2 was recirculated back into the main
digesters, CSTR 1 and CSTR 2.

Both HTH reactors produced biogas containing 30-35 % of CHs. From day
206 to day 244, 429 mL/d of CHs was formed, corresponding to 0.12
gcopremoved/d. The physicochemical characteristics of the effluents from CSTR 1
and CSTR 2 are compared with those from HTH 1 and HTH 2. In CSTR 1 and
CSTR 2, the degrees of solubilization were 80 = 36 and 124 + 87 mgscop/gvss,
respectively, while substantially higher values were observed in HTH 1 and HTH
2, reaching 319 £ 61 and 289 + 90 mgscop/gvss. A similar trend was observed for
acidification, expressed as mgvras per gvss: values of 80 = 19 and 41 + 36
mgvras/gvss were recorded in CSTR 1 and CSTR 2, whereas HTH 1 and HTH 2
achieved 100 £ 20 and 90 + 25 mgvras/gvss. These results indicate that the
recirculation of HTH-treated sludge introduces a higher fraction of soluble
compounds back into the main reactors, supplying material that is more readily
biodegradable by methanogens and therefore expected to enhance overall reactor
performance.

Further insights are obtained by evaluating TCOD, SCOD, and VS removal.
During the previous phase, when intermittent feeding was applied to stabilize the
reactors and improve CHs production, TCOD removal reached 53 % in both
CSTR 1 and CSTR 2, respectively. SCOD removal was 80 % and 79 %, while VS
removal was 54 % in both reactors. All these parameters improved after the
introduction of HTH post-treatment, consistent with the increase in soluble
compounds entering the system. TCOD removal rose to 67 % in both CSTR 1 and
CSTR 2, SCOD removal reached 87 % in CSTR 1 and 81 in CSTR 2, and VS
removal increased by 9 and 12 % in CSTR 1 and CSTR 2, respectively.

These improvements are also reflected in CHs4 production and
biodegradability. As previously described, the implementation of intermittent
feeding produced an initial adaptation phase in which performance improved
compared to the first stage of the experiment, although full stability had not yet
been established. Steady-state conditions were reached around day 171. The
addition of the HTH post-treatment further enhanced system performance, with
CHy yields reaching 0.3 + 0.0 L/gcopadded and biodegradability increasing to 64 +
4 % in CSTR 1, while CSTR 2 achieved the same CHs yield and a
biodegradability of 63 + 5 % during the last 20 days of operation. These values
represent increases of 22 % and 9 % in CH4 yield and biodegradability for CSTR
1, and 25 % and 12 % for CSTR 2.

To better assess the influence of implementing HTH post-treatment and the
subsequent recirculation, cellulose and hemicellulose concentrations were
analyzed, and the results are summarized in Table 4.3. The PS contained, on
average, 7340 + 360 mg/L of cellulose and 2150 + 160 mg/L of hemicellulose.
Prior to the introduction of HTH, cellulose removal reached 70.3 % and 71.5 % in
CSTR 1 and CSTR 2, respectively.

Once the HTH-treated sludge was recirculated into the system, clear
differences in cellulose and hemicellulose concentrations emerged between CSTR
1 and CSTR 2, while the concentrations within the CSTRs themselves remained
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comparable to previous levels. In contrast, HTH 1 and HTH 2 showed substantial
reductions, with cellulose and hemicellulose decreasing by 43 % and 73 %,
respectively. These reductions were consistent with the improved removal
efficiencies measured in the main digesters. Cellulose removal increased to 84.3
% and 86.2 % in CSTR 1, and 84.1 % and 88 % in CSTR 2. Overall, this
corresponds to an increase in cellulose removal of 20 % and 18 % in CSTR 1 and
CSTR 2, respectively, and a similar enhancement of 20 % and 18 % in
hemicellulose removal.

Because cellulose and hemicellulose are inherently recalcitrant, a significant
fraction of these compounds typically remain unconverted to CHs. Their
transformation into more readily degradable polymers through HTH post-
treatment can therefore improve digester performance, contributing to both
process stability and CHy yield (Kim and Karthikeyan, 2021).

The use of HTH as a post-treatment strategy has also been evaluated in the
anaerobic digestion of cattle manure, as reported by Haroun et al. (2025) who
extensively investigated the application of 1 or 2 d HRT. The composition of
cattle manure differs notably from that of PS due to its substantial lignin content,
which represents approximately 59 % of TCOD. Nevertheless, similar to the
results obtained for PS, the implementation of HTH post-treatment led to marked
improvements in the degradation of recalcitrant fractions. Increases of 69 %, 4 %,
and 468 % were observed in the degradation rates of lignin, cellulose, and
hemicellulose, respectively. These improvements were reflected in higher
biodegradability, which reached 46 % following the introduction of HTH.
Overall, this post-treatment strategy facilitated the breakdown of resistant
lignocellulosic components and enhanced their conversion within the digester.

Post-treatment processes have emerged as an attractive alternative to improve
anaerobic digestion performance without significantly increasing energy demand.

A relevant comparison can be drawn with the study by Takashima (2008),
who applied thermal post-treatment to digested sewage sludge in a continuous AD
system. Sludge was heated at 120 °C for one hour weekly and returned to the
digester, resulting in a 6.3 % increase in VS removal and a 21 % increase in
methane production, confirming the effectiveness of moderate thermal post-
treatment.

Further evidence supporting the benefits of post-treatment and recirculation is
provided by Bolzonella et al. (2020), who evaluated a hyper-thermophilic post-
treatment step (65 °C) applied to digestate from a full-scale AD plant treating
manure and straw. A control CSTR (5 L) treating untreated digestate was
compared with a system combining a hyper-thermophilic reactor (HRT 1-5 d) and
a4 L CSTR. Both digesters operated at a 14-day HRT. CH4 production increased
by 20 %, 33 %, and 38 % for HTH HRTs of 1, 3, and 5 d, respectively,
demonstrating the substantial performance gains achievable through hyper-
thermophilic post-treatment and recirculation.
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Table 4.3 Cellulose and hemicellulose content and removal in PS, CSTRI1, CSTR 2, HTH 1, and HTH 2.

Cellulose (mg/L) % Removal
Primary Sludge CSTR 1 CSTR 2 HTH 1 HTH 2 CSTR 1 CSTR 2 HTH 1 HTH 2
Before HTH recirculation 7094 2104 2023 1348 1312 70.3 71.5 - -
After HTH recirculation 7598 2103 2130 1190 1208 72.3 72.0 84.3 84.1
Hemicellulose (mg/L) % Removal
Primary Sludge CSTR 1 CSTR 2 HTH 1 HTH 2 CSTR 1 CSTR 2 HTH 1 HTH 2
Before HTH recirculation 2037 913 874 239 202 55.2 57.1 - -
After HTH recirculation 2263 1073 1052 313 271 52.6 53.5 86.2 88.0
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4.3 Integration of Caldicellulosiruptor bescii into post-
hyper-thermophilic hydrolysis for enhanced anaerobic
digestion of PS

As discussed previously, cellulose is inherently recalcitrant due to its high degree
of crystallinity, which limits enzymatic accessibility and microbial degradation.
Nevertheless, certain anaerobic microorganisms are capable of effectively
utilizing cellulose, with degradation efficiency generally increasing at elevated
temperatures. Among extremely thermophilic anaerobes, Caldicellulosiruptor
bescii (C. bescii) is notable for its ability to grow at approximately 75 °C under
neutral pH conditions (S. J. Yang et al. 2009). This organism can ferment a wide
range of substrates, including cellobiose, crystalline cellulose, pectin, a- and -
linked glucans, and xylan, producing lactate, ethanol, acetate, CO,, and H> as
metabolic end products (Yasemin D. Yilmazel et al. 2015). Unlike several other
members of the Caldicellulosiruptor genus, C. bescii has demonstrated the
capacity to degrade untreated switchgrass, highlighting its potential for the
conversion of complex lignocellulosic biomass in addition to simple
carbohydrates (Basen et al. 2014). Although C. bescii received limited attention in
the decades following its discovery, increasing research efforts over the past 15
years have focused on evaluating its suitability for lignocellulosic biomass
solubilization. Early work by Yang et al. (2009) demonstrated that C. bescii grows
efficiently on both defined carbohydrates (cellulose and xylan) and untreated
lignocellulosic substrates such as switchgrass and poplar at 75 °C, reaching cell
densities above 10® cells/mL. Hydrogen and acetate were the main fermentation
products, although initial biomass solubilization was limited. Successive
fermentations of residual biomass substantially increased cumulative
solubilization, confirming the organism’s capacity to progressively deconstruct
lignin-rich substrates.

Subsequent studies confirmed and extended these findings at larger scales.
Kataeva et al. (2013) reported up to 85% solubilization of water-insoluble
switchgrass after three sequential fermentations in a 20 L reactor, with lignin
solubilized concurrently with polysaccharides. Basen et al. (2014) showed that C.
bescii tolerates high concentrations of untreated cellulose and switchgrass (up to
200 g/L for cellulose), though solubilization efficiency declined at higher loads
and growth was inhibited by pretreatment-derived compounds. Comparative
studies within the Caldicellulosiruptor genus consistently identified C. bescii as
one of the most effective species for cellulose and lignocellulosic biomass
degradation (Zurawski et al. 2015).

Beyond plant biomass, C. bescii has also demonstrated strong performance on
complex waste substrates. Fermentation of wastewater biosolids yielded high
hydrogen production at low substrate concentrations, with inhibition observed
only above 2.5 g VS/L (Yilmazel et al. 2015). Studies on manure and mixed
organic wastes further confirmed its ability to degrade both plant- and animal-
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derived materials, often achieving hydrogen yields comparable to those obtained
with pure cellulose (Yasemin Dilsad Yilmazel and Duran 2021).

Importantly, C. bescii has been successfully integrated as a pretreatment step prior
to anaerobic digestion. Mulat et al. (2018) and Hansen et al. (2021) demonstrated
that introducing C. bescii fermentation before AD significantly enhances volatile
solids reduction and methane yields. Pilot-scale trials treating dairy manure
reported biogas yield increases of up to 74%, highlighting the organism’s
scalability and practical relevance for waste-to-energy applications. An in-depth
analysis of the characteristics and applications of C. Bescii can be found in
Appendix B.

4.3.1 Goal

Overall, the literature indicates that C. bescii can enhance the solubilization of
recalcitrant biomass under extreme thermophilic conditions, although conversion
efficiencies are highly dependent on substrate properties and operational
parameters. In continuous or semi-continuous systems, the retention of an active
C. bescii population remains challenging, as short hydraulic retention times can
promote microbial washout and compromise process stability.

Based on these considerations, integrating C. bescii into anaerobic digestion could
potentially improve CH4 production from substrates such as primary sludge and
digested cattle manure, where unconverted recalcitrant biomass remains a limiting
factor. Its application in HTH units may enhance substrate biodegradability prior
to digestion; however, the effectiveness of this approach is likely constrained by
washout risks and the need for adequate biomass retention.

In this context, the present study evaluates the long-term impact of treating
mesophilically digested primary sludge with C. bescii and recirculating the hyper-
thermophilic effluent back to the main digester. Following the results obtained in
paragraph 4.2.3, the same system was employed to test the performance of hyper-
thermophilic fermentation operated with and without C. bescii was assessed at
HRT of 2 and 4 days, focusing on COD and VS removal, cellulose, and
hemicellulose solubilization, as well as on methane production.

4.3.2 Materials and method

4.3.2.1 Substrate and inoculum characterization

Inoculum and PS were provided and stored as reported in paragraph 4.2.2.1 of
this thesis. C. bescii was obtained as a lyophilized pure culture from the DSMZ
(medium 516). The culture was revived and enriched under strict anaerobic
conditions in 100 mL serum bottles flushed with nitrogen. Cellobiose (2.0 g/L)
was used as the sole carbon source, supplemented with nutrients, trace metal, and
vitamin solutions. Enrichments were incubated at 75 °C in a shaking incubator.
Gas production, optical density, VFAs, and pH were monitored daily. Once gas
production ceased, the culture was sequentially subcultured by tenfold dilution
into fresh medium, first in 100 mL and then in 1 L bottles. Biogas volume was
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measured three times daily using a syringe. All media, glassware, and
consumables were autoclaved at 121 °C for 30 min to prevent contamination.

4.3.2.2 Set-up and operative conditions

The two systems were operated identically as described in paragraph 4.3.2.2
except for the inoculation of C. bescii in the test HTH reactor in phases 5-6 as
follows. Phases 1-2-3-4 are the same described in paragraph 4.2.2.2 while C.
Bescii was introduced from phase 5. In phase 5 (day 266-320), the HTH reactor
was bioaugmented with C. bescii, whereas the control reactor remained without
inoculation. The HTH was operated at 2 d HRT, with recirculation rates
unchanged. This phase assessed the effect of C. bescii addition on hydrolysis
efficiency and subsequent mesophilic digestion under conditions of high washout
pressure. In phase 6, C. Bescii was reinoculated in the control reacor and HRT
was changed to 4 d to improve biomass retention. The recirculation rate was fixed
to 0.25 L/d while CSTRs HRT was reduced to 10.9 d. In phase 6 (days 320-363),
the effect of extending the HRT was evaluated to determine whether it could
improve C. bescii persistence and enhance system performance.

Analytical methods, and data processing were carried out in accordance with
the procedures described in Sections 4.2.2.3 of this thesis.

4.3.3 Results

The performance of the two 10 L CSTRs over the entire experimental period
is shown in Figure 4.4, expressed as liters of CH4 per gram of COD added. This
section focuses on the results obtained during the final two operational phases
(phases 5 and 6).

As previously discussed in paragraph 4.2, the introduction of HTH post-
treatment initially resulted in a modest improvement in reactor performance, with
biodegradability increasing from approximately 61 % to 63-64 %. Based on this
observation, C. bescii was introduced into HTH 2 at the beginning of Phase 5,
while HTH 1 continued operating without bioaugmentation, -effectively
representing a continuation of phase 4.

Contrary to expectations based on literature, phase 5 was characterized by a
marked decline in system performance, as reported in 7able 4.4. CH4 production
decreased by approximately 11 %, accompanied by a reduction in
biodegradability to 57 + 11 % and 55 £ 11 % in CSTR 1 and CSTR 2,
respectively. This deterioration was also reflected in total COD removal, which
dropped from 67 % to 58 % in CSTRI and to 51 % in CSTR2. Notably, this
negative trend was observed in both reactors, regardless of the presence of C.
bescii, indicating that no clear positive or negative effect of bioaugmentation
could be detected under the applied HTH conditions with an HRT of 2 d.

To enhance solubilization of recalcitrant compounds and improve biomass
retention, the HRT of both HTH reactors was increased to 4 d during phase 6.
However, this modification further compromised system stability, leading to
increased fluctuations in both CH4 production and biodegradability. Variability
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CH, (L/2cop added)

during phases 5-6 was approximately three times higher than that observed during
phases 3-4. CHs yield declined to about 0.21 L/gcop in both reactors, while
biodegradability decreased to values between 53 £ 11 % and 55 = 8 %.

Effluent recirculation can have competing effects: while it may reintroduce
readily biodegradable compounds, it can also effectively reduce the HRT of the
system, potentially leading to a deterioration of overall process performance.

Overall, the behavior of CSTR 1 and CSTR 2 following the introduction of
HTH post-treatment and C. bescii suggests that post-digestion may provide short-
term benefits, as observed during phase 4, but prolonged operation led to reduced
stability and performance. Similarly, C. bescii bioaugmentation did not result in
measurable improvements, likely due to insufficient retention, kinetic limitations
and washout of the microorganisms under the tested operating conditions.

Phase 3: Phase 4: Phase 5:

Phase 1: Phase 2: .
< . y INTERMIT. HTH RECYCLING HTH + C. Bescii
SHOCK FEED INTERMITTENT FEED FEED SS HRT 2 d HRT2d

Phase 6:
HTH + C. Bescii
HRT4d

15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345 360

Time (d)
-CSTR 1 ~CSTR 2

Figure 4.4 Methane yield of CSTRI and CSTR 2 as L/gcopadded during phase 1,2,3,4,5, and 6 of the process.
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Table 4.4 Methane yield, TCOD reduction, and VSS reduction in the control CSTR 1 vs. C. Bescii CSTR 2 at different phases of the experiment.

%

Feed PS CSTR_1_Control % CSTR_2_C. Bescii Conversion to
(Average = STD) (Average = STD) Conversion to CHy (Average = STD) CH.
CHy4 yield (mL/gcop)
Stage 1 - 140+90 344213 14090 28422.5
Stage 2 - 230+90 57+£21.8 230+90 57+16
Stage 3 - 245+14 61£3.5 242493 60.5+2.3
Stage 4 - 256+16 64+4.0 252+18 63+4.5
Stage 5 - 227+44 57+11.0 219+44 55+11
Stage 6 - 212446 53+11.0 218431 55+8
TCOD (mg/L)
Stage 1 39677+5148 22871+5977 47.4+9.6 2617949303 42.6x14.7
Stage 2 3761612776 15501+5477 56.1£13.3 1564245393 53.246.9
Stage 3 41734+5207 19365+1612 53.0+6.0 19303+1892 53.0+6.7
Stage 4 42205+5232 138574948 67.2+4.2 13884+1219 67.1+4.5
Stage 5 3610242574 150864664 58.2+1.12 17718+5017 51+12.9
Stage 6 42100+1398 18608+1713 55.8+2.1 22917+£1972 52.2+1.3
VS (mg/L)

Stage 1 20500+220 107001600 47.8+8.0 11600+£2300 44.4+9.0
Stage 2 24300670 10500+1500 56.3£13.5 10400+1700 59.1+£10.4
Stage 3 2425446450 10455+1410 54.1+12.6 10373+£1630 54.7+11.6
Stage 4 2449245049 9983+2217 59.2+10.18 9267+2254 62.24+6.3
Stage 5 21420+1836 8400+932 60.8+3.1 10000+3394 53.348.2
Stage 6 2552942710 11038+1114 56.8+3.8 12763£1177 50.0+1.9
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Chapter 5

5. Two-Stage Anaerobic Digestion
of Fruit and Vegetable Waste
Using Jam Wastewater as a
Sugar and Water Source

5.1 Introduction

5.1.1 Biochar as an additive in DF and AD

As discussed in Chapter 2, a mixture of fruit and vegetable waste (FVW) and jam
wastewater (JWW) can be effectively used as substrate for two-stage anaerobic
digestion (TSAD). A S:I ratio equal to 1 of 1 was identified as optimal to prevent
microbial overstimulation. However, in previous experiments, JWW was
primarily considered as a co-substrate due to its high content of readily
biodegradable sugars, and its proportion in the reactors remained relatively low
(12-37 % on a wet weight basis). Under these conditions, the potential of JWW as
a water source was not fully exploited.

Increasing the proportion of JWW in the feed mixture could reduce or eliminate
the need for freshwater addition to achieve the target TS content, which was fixed
at 6 % for the experiments presented in this chapter. This approach would enhance
process sustainability by further promoting wastewater reuse.

Moreover, Chapter 2 demonstrated that thermal pretreatment of FVW improved
system performance, resulting in approximately a 30% increase in H» yield due to
enhanced solubilization of complex organic compounds and increased availability
of simple sugars for microbial metabolism. In addition to thermal pretreatment,
the use of additives represents another strategy to further improve process
efficiency by enhancing microbial activity, substrate conversion, and energy
recovery.
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Additives can be classified as inorganic or organic. Inorganic additives, such as
metals and metal nanoparticles (e.g., iron-based materials), can stimulate
enzymatic activity and electron transfer processes. Organic additives, including
yeast extract, peptone, and tryptone, primarily promote microbial growth, while
materials such as activated carbon, biochar, and hydrochar can enhance microbial
attachment, improve syntrophic interactions, and stabilize the anaerobic digestion
process (Hidalgo et al. 2024). As discussed in Chapter 1, biochar (BC) is a solid
carbonaceous material produced through thermochemical conversion of biomass
under oxygen-limited or oxygen-free conditions at temperatures typically ranging
from 300 to 1000 °C. A wide variety of feedstocks can be used for biochar
production, particularly organic residues such as plant-derived wastes (e.g., corn
straw, rice husks, algae), animal-derived wastes (e.g., manure and crustacean
shells), and municipal solid wastes (Lou et al. 2024).

Biochar is characterized by a highly porous structure, large specific surface area,
good electrical conductivity, ion-exchange capacity, and the presence of
numerous surface functional groups. These physicochemical properties strongly
depend on both the biomass feedstock and the thermochemical conversion
technique employed. Owing to these characteristics, biochar has found broad
application in water and wastewater treatment, soil remediation, energy
conversion, and pollutant removal processes (S. Tang et al. 2020).

In recent years, biochar has gained increasing attention as an additive in AD and
DF processes due to its ability to enhance energy yields and improve process
stability. Its microporous structure and surface chemistry, enriched with
functional groups, minerals, and trace metals, promote microbial attachment and
biofilm formation, thereby creating favorable microenvironments for the growth
of Hz- and CHgs-producing microbial consortia. Moreover, the redox-active
surfaces of biochar facilitate direct and indirect extracellular electron transfer,
enhancing syntrophic interactions among microbial populations. Biochar also
contributes to process stabilization by buffering pH fluctuations and adsorbing
inhibitory compounds such as VFAs, ammonia, and heavy metals (Y. Zhao et al.
2025).

Consistent with these mechanisms, several studies have reported significant
improvements in biogas production following biochar addition. In AD, biochar
acts as both a conductive medium and a microbial support, mitigating inhibition
from ammonia and VFAs while stabilizing methanogenic activity. For instance,
Ding et al. (2024) reported a 35.7 % increase in CHy4 yield with the addition of 10
g/L of cattle manure—derived biochar. Similarly, Shen et al. (2015) demonstrated
that corn-derived biochar enhanced CHs content by 42.4 % and achieved CO
removal efficiencies of up to 86.3 %, thereby improving overall biogas quality.

In DF systems, biochar has also shown promising results. Yang et al. (2024)
reported that the use of iron-modified biochar (Fe-L600) in thermophilic DF of
food waste increased H» yield by more than 30 %, reduced the time required to
reach process stability from 18 to 12 h, and altered the VFAs profile, as evidenced
by a decrease in the acetic-to-butyric acid ratio from 3.09 to 2.69.
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Biochar dosage in DF and AD has not been standardized, as a wide range of
operational conditions and concentrations have been reported in the literature
(Table 5.1). For this study, intermediate biochar concentrations were selected for
application in DF and AD.

Table 5.1 Examples of biochar applications in dark fermentation processes and associated operating
conditions.

DF Pyrolysis
Substrate Op- Ha T(CC) Time Biomass Concentration Reference
Cond. Yield
Sugarcan SB =6.09
1]?)2(1)“;1111}4 18 ¢leaves g/ SL+Fe= Wongfaed et al
Glucose H=7 mL/g 600 3h (SL) and 5.38 g/L é025) '
p37 oC elu bagasse SL+Ni =
(SB) 7.66 g/L
Batch 116
Food 100 mL 20 Pine Sunyoto et al.
Waste pH=5.5 mL/g 650 min sawdust 8.3 /L (2016)
35°C Vs
;a:‘gl]i 240 Corn Lou et al
Glucose H=738 mL/g 600 bran 0.6 g/L (2024) '
p 550 C Vs residue
Batch 320
Sugarcane 100 mL Fallen Huang et al.
bagasse pH =7 mL/g 600 Ih leaves e/l (2022)
37°C v
Batch 3
Grass 100 mL Yang and Wang
biomass pH =5.5 mL/g 500 2h Sawdust 0.6 g/L (2019)

35°C vs

Moreover, as discussed in Section 1.4.4, anaerobic digestates can be further
valorized through the extraction of humic acids (HA) and fulvic acids (FA).
Alkaline treatments are commonly recommended for this purpose, as they
represent a simple and effective approach for recovering these valuable bio
stimulants.

5.1.2 Goal

To the best of the authors’ knowledge, no previous studies have specifically
investigated the application of TSAD in which JWW is used as the primary water
source to achieve the desired TS content. In addition, the role of biochar across
the different stages of TSAD remains insufficiently explored.

To address these gaps, this study aims to evaluate the feasibility of using
JWW as a water substitute in the DF stage. This is tested under three different
inoculum thermal pretreatments. Subsequently, the second stage of TSAD was
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carried out with and without biochar addition to assess its influence on CHy
production from DF digestate. In the second experiment, the effect of biochar on
process performance was also examined during the DF stage, followed by AD to
evaluate its combined impact on overall CH4 recovery. Moreover, the influence of
process temperature was investigated by conducting DF of FVW and JWW under
thermophilic conditions (55 °C), both in the presence and absence of biochar, to
further elucidate the role of temperature on system performance. Finally, HA
extraction was performed on the digestate to assess the effectiveness of alkaline
treatment as a valorization strategy and to evaluate its efficiency in recovering
humic-like substances from anaerobically treated biomass.

The findings of this work provide insight into the potential integration of
biochar and wastewater reuse within TSAD systems. In particular, the use of
JWW as a water source may reduce the need for freshwater input while
maintaining process functionality. Overall, this approach aligns with circular
economy principles by promoting resource recovery and more efficient use of
waste-derived materials within anaerobic treatment systems.
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5.2 Materials and method

5.2.1 Substrates and inoculum characterization

The inoculum employed in DF and AD was the mesophilic digestate of cow-
agricultural sludge (CAS) provided by “Cascina La Speranza” (Fossano, Cuneo,
Italy). FVW was collected from household residue (mass composition of 75%
vegetables and 25 % fruits) and chopped through a kitchen blender. JIWW was
supplied by a local agricultural cooperative (Piedmont, Italy) as the water
employed to wash jam production equipment. Both FVW and JWW were frozen
at -18 °C after their collection to avoid natural decomposition. Then they were
defrosted before being fed into the fermentation system. JWW, FVW and
inoculum characterization are presented 7able 5.2. All the experiments have been
performed with the same lot of JWW and FVW, while fresh inoculum was
supplied at different times to ensure adequate microbial activity. Consequently,
the reported inoculum characterization represents the average values obtained
from the different batches used throughout the experimental campaign. The
biochar employed was the commercial WSP770 produced from wheat straw
pellets pyrolyzed at 700 °C.

5.2.2 Inoculum thermal pretreatment

In the present study, inoculum was thermally pretreated at 80, 100, and 120 °C
(depending on the experiment) for 30 min to eliminate H>-consumers and favor
sporulation of Hx-producers. The inoculum was heated through heating plates and
an anchor stirrer to ensure uniform temperature and adequate mixing.

5.2.3 Process setup and operative condition

DF and AD were performed in 500 mL Pyrex glass bottles (Duran, Germany)
with a working volume of 80 %. The heating was controlled by a 55 L
thermostatic water-bath (Julabo-Corio-C, Merck, Germany). Reactors were
operated in batch feeding mode with 3 % of total solids and shaken manually to
keep the mixture homogeneous inside the reactor. Each reactor was sealed with a
two-port cap. Through one of the ports, anaerobic conditions were assured by
purging N> directly inside the biomass to change the volume of the reactor three
times and closing the port. The second port was connected to a 1 L Teddlar gas
bag where biogas was collected. The duration of each assay depended on biogas
or H> production: testing was stopped when daily Hz (for DF tests) and biogas (for
AD tests) production was less than 1% of the overall production recorded during
the period of preparation (VDI 4630 2006). The experimental campaign consists
of three main experiments, and all the campaigns were studied in replicates. The
pH of each reactor was measured daily. When necessary, NaOH or HCl were
added to the reactors to lower the pH to around 6-7 in DF and to maintain AD pH
between 7 and 8.
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In the first experimental campaign, TSAD of FVW and JWW was
investigated by first determining the optimal thermal pretreatment temperature for
DF inoculum. Three DF configurations were operated at 35 °C, with inoculum
pretreated at 80, 100, or 120 °C. Effluents from the two best-performing DF
pretreatments were subsequently used as substrates for a second-stage mesophilic
AD. In this stage, four configurations were tested, including reactors operated
with and without biochar addition (1 g/L).

The second experimental campaign focused on assessing the role of biochar
during the first stage of TSAD. DF was conducted at 35 °C using inoculum
thermally pretreated at 80 or 100 °C. Five DF configurations were evaluated:
inoculum pretreated at 80 °C; inoculum pretreated at 100 °C; inoculum pretreated
at 80 °C with 1 g/L biochar; inoculum pretreated at 100 °C with 1 g/L biochar;
and inoculum pretreated at 100 °C with 2 g/L biochar. The resulting DF digestates
were then subjected to a second-stage mesophilic AD.

For both the first and second experimental campaigns, the performance of
TSAD was compared with that of single-stage mesophilic AD treating FVW and
JWW.

Finally, a third experimental campaign investigated DF under thermophilic
conditions (55 °C). Inoculum was thermally pretreated at 80 and 100 °C, and DF
was carried out with and without the addition of biochar at a concentration of 1
g/L, to evaluate the combined effects of temperature and biochar on DF
performance.

A summary of configuration characteristics is presented in Table 5.3.

5.2.4 Humic acid extraction

For HA extraction, the effluent from the second stage of TSAD without biochar
addition and using DF inoculum pretreated at 100 °C was selected, as this
configuration demonstrated the best overall performance in the preceding
experiments. Digestates were subjected to alkaline extraction at pH 12 for 24 h at
35 °C under continuous agitation (150 rpm), following the method described by
Guilayn et al. (2020). pH was adjusted using KOH pellets (>85 % purity, Sigma-
Aldrich). After extraction, samples were centrifuged at 4000 RFC for 5 min at 20
°C. The resulting supernatant, containing soluble organic compounds, was
collected as the humic-like substances extract.

The HA fraction was then precipitated by acidifying the supernatant to pH 2 using
37 % HCI. The suspension was centrifuged again at 4000 RFC for 5 min at 20 °C
to recover the pellet containing HA. The recovered solids were dried at 90 °C for
at least 24 h, until constant weight was achieved. Subsequently, the dried samples
were combusted in a muffle furnace at 500 °C for 6 h to obtain ash. The humic
acid weight was quantified as the difference between the dried residue mass and
the ash mass after combustion (Cristina et al. 2020).
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5.2.5 Analytical methods and data elaboration

DF design, analytical methods, and data processing were carried out in
accordance with the procedures described in Sections 2.2.4 and 2.2.5 of this
thesis.

Functional groups of HA were detected by Attenuated Total Reflectance
Fourier-transform infrared spectroscopy (ATR-FTIR) on a Bruker Alpha Platinum
spectrometer. 64 spectra from 4000 to 400 cm™! with resolution of 4 cm™' were

automatically collected and their average was given as result.
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5.3 Results

5.3.1 Characterization of inoculum and substrates

As observed in paragraph 2.3.1, the characterization of the inoculum and
substrates (7able 5.2) confirms their suitability for biological conversion
processes. The inoculum and FVW showed higher TS content compared to JWW
that was highly diluted, with a TS content below 1%. The inoculum exhibited a
lower VS fraction due to its higher inorganic content, while both FVW and JWW
were rich in VS, indicating a high proportion of readily biodegradable organic
matter. Despite the TS content of FVW being slightly lower than typical literature
values, its VS/TS ratio remained consistent with reported data, supporting its
biodegradability. Elemental analysis further showed that the combined use of
FVW and JWW resulted in a C/N ratio within the optimal range for microbial
activity and eliminates the need for nutrient supplementation.

Table 5.2 Chemical and physical characterization of inoculum, fruit and vegetable waste (FVW) and
jam wastewater (JWW).

Inoculum FVW JWW
TS (%) 5.97+1.57 9.40 +0.10 0.82+0.14
VSITS (%) 88.56 + 8.06 96.54 + 0.41 9720+ 1.70
N (%) 3.21+0.52 2.38+£0.29 0.21 + 0.04

C (%) 38.40 £ 2.25 46.23 + 0.62 3321+ 6.62
H (%) 4.59+0.30 6.30 +0.05 527+1.12
S (%) 0.48+0.13 0.15+0.03 0.36+ 0.02

0 (%) 53.32£293 44.95+0.41 60.95 + 7.76

CIN 12.10 + 1.23 19.63 + 2.66 158.19 + 0.44
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Table 5.3 Configurations tested across three experiments: (i) first, varying inoculum pretreatment
temperature in DF and application of BC in AD, (ii) second, application of biochar in DF and AD
performance and (iii) third, application of thermophilic conditions in DF.

o Inoculum BC concentration
Configuration TC0O) pretreatment T (°C) (g/L)
First experiment: Dark Fermentation
TH_80 35 80 /
TH_100 35 100 /
TH_120 35 120 /
First experiment: Anaerobic Digestion
DF80 35 / /
DF80_B1 35 / 1
DF100 35 / /
DF100_B1 35 / 1
SingleAD 35 / /
Second experiment: Dark Fermentation
TH_80 35 80 /
TH_80 B1 35 80 1
TH_100 35 100 /
TH_100_B1 35 100 1
TH_100_B2 35 100 2
Second experiment: Anaerobic Digestion
DF80 35 / /
DF80+B1 35 / 1
DF100 35 / /
DF100+B1 35 / 1
DF100+B2 35 / 2
SingleAD 35 / /
Third experiment: Dark Fermentation
TH_80 55 80 /
TH_80 B1 55 80 1
TH_100 55 100 /
TH_100_B1 55 100 1

5.3.2 Two-stage anaerobic digestion of FVW and JWW:
evaluation of thermal pretreatment for dark fermentation

This experimental campaign assessed the feasibility of integrating DF and AD in a
sequential process by applying TSAD to FVW and JWW. In the first stage, three
DF configurations were evaluated by varying the inoculum thermal pretreatment
temperature to 80, 100, and 120 °C, hereafter referred to as TH_80, TH 100, and
TH_120, respectively.

Biogas production started on day 1 in all configurations (Figure 5.1-a). TH_100
and TH_120 showed similar production trends, characterized by a steep initial
increase, whereas TH_80 exhibited a delayed response. In TH 100 and TH_120,
the highest production rate occurred during the first day, as indicated by the sharp
initial slope of the cumulative curves. Conversely, TH 80 reached its maximum
production rate between days 2 and 3, reflecting a slower start-up. From day 2
onward, biogas production in TH 100 and TH 120 declined markedly and
progressively approached a plateau, indicating reduced microbial activity, with
steady-state conditions reached by day 3 in all configurations. Among the tested
conditions, TH_100 achieved the highest cumulative biogas production (194 N
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mL/gvs), followed by TH 80 (179 N mL/gvs) and TH 120 (157 N mL/gvs).
Notably, 65-75 % of total biogas production in TH 100 and TH 120 occurred
within the first day, whereas only 11 % of the total biogas in TH_80 was produced
during this period, suggesting that higher pretreatment temperatures promoted
faster biogas generation. Despite this delay, TH 80 surpassed TH 120 in
cumulative production, and all configurations reached their maximum yields at
similar times.

H> production (Figure 5.1-b) followed a comparable temporal pattern. In TH_100
and TH 120, the highest H> production rates occurred within the first day,
accounting for approximately 60-73 % of the total H> generated. In contrast,
TH_80 exhibited lower H> production during the initial phase, followed by a rapid
increase after day 2, ultimately exceeding the maximum H; yield of TH_120. Hz
production reached a plateau by day 3 in all cases. Overall, the highest H> yields
were obtained in TH_100 and TH_80 (75 N mL/gvs), while TH 120 achieved a
slightly lower value (67 N mL/gys).

CH4 production displayed a different behavior (Figure 5.1-c). After a modest
increase during the first day, CHs production rapidly stabilized and remained
nearly constant throughout the experiment, with cumulative yields below 0.25 N
mL/gvs for all configurations. This indicates effective suppression of
methanogenic activity under the applied DF conditions.

CO> production (Figure 5.1-d) closely mirrored total biogas trends. TH_ 100 and
TH_120 exhibited the highest CO; production rates during the first day, followed
by a gradual increase until day 3, after which production plateaued. The highest
cumulative CO> yield was observed in TH 100 (119 N mL/gvs), followed by
TH_80 (105 N mL/gvs) and TH_120 (89 N mL/gvs).

The composition of the produced biogas is reported in Figure 5.1-e. Ha reached
maximum concentrations of 43 % in TH 120 and 41 % and 38 % in TH_80 and
TH_100, respectively. In all configurations, CO> was the dominant gas,
accounting for approximately 57-61 % of the total biogas volume. Methane was
detected only in trace amounts, with maximum concentrations of 0.12 % in
TH_80, followed by 0.05 % in TH 100 and 0.01 % in TH 120, confirming
effective suppression of methanogenic activity. Thermal pretreatment proved
effective under all tested conditions. No substantial differences in overall biogas
production were observed among the three pretreatment temperatures, indicating
comparable fermentability of the substrate (p > 0.05). This result suggests that
lower pretreatment temperatures (80 and 100 °C) may be sufficient for DF,
offering potential advantages in terms of reduced energy demand when
considering scale-up applications.

Digestates from the DF stage were further analyzed for VFAs, namely acetic,
propionic, and butyric acids, to elucidate the dominant metabolic pathways
(Figure 5.1-f). Overall, VFA profiles were similar across all configurations.
Acetic and butyric acids were the predominant compounds, while propionic acid
was almost negligible in all configurations. Acetic acid concentrations ranged
from 1.02 to 1.96 g/L, whereas propionic acid, when detected, remained below
0.02 g/L. Butyric acid was the dominant VFA in all cases, reaching 3.9 g/L in
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TH 80, 2.5 g/L in TH 100, and 2.8 g/L in TH 120. As a result, total VFAs
concentrations were 5.8, 3.6, and 4.8 g/L for TH 80, TH 100, and TH 120,
respectively. None of these values exceeded the commonly reported inhibitory
threshold of 8 g/L. Although VFAs accumulated during DF, regular pH
monitoring and adjustment likely contributed to process stability by preventing
acidification-induced inhibition. Overall, thermal pretreatment was confirmed as
an effective strategy to suppress methanogens and promote H»-producing
microbial populations. Among the tested conditions, pretreatment at 80 and 100
°C appeared adequate, as increasing the temperature to 120 °C did not provide
additional benefits in terms of gas production or VFAs profiles, while potentially
increasing energy requirements. These findings are consistent with the study by
Pascualone et al. (2019), who reported effective hydrogen production (63.2
mL/gvs) using a 100 °C thermally pretreated vermicompost inoculum for
vegetable waste fermentation, with biogas containing 46 % H> and no detectable
CHa.
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5.3.3 Two-stage anaerobic digestion of FVW and JWW:
application of biochar in anaerobic digestion

The second stage of the process (AD) utilized the digestate from the DF stage as
substrate. Four experimental configurations were evaluated during the AD, based
on the DF with inoculum thermally pretreated at 80 or 100 °C since they achieved
similar process performance while requiring lower pretreatment temperatures,
thereby reducing energy consumption. For each digestate, AD was conducted
either without additives or with the addition of biochar at a concentration of 1 g/L.
The configurations were therefore defined as follows: DF80 (digestate from DF
with 80 °C pretreatment), DF80 B1 (DF80 with 1 g/L biochar), DF100 (digestate
from DF with 100 °C pretreatment), and DF100 B1 (DF100 with 1 g/L biochar).
These digestates were combined with non-pretreated CAS inoculum at a 1:1 ratio
while maintaining a TS content of 3 %. The performance of the second stage of
AD was compared with that of a conventional single-stage AD applied directly to
FVW and JWW (defined as SingleAD).

Biogas and CH4 production over the 34-day experimental period are shown in
Figure 5.2-a and -b. All configurations generated biogas, with broadly similar
trends except for the SingleAD control. During the initial phase (days 0-6), biogas
production rates were high, as indicated by the steep slope of the cumulative
curves. Between days 6 and 10, production slowed across all reactors, resulting in
a gentler slope, and a plateau was reached in the final phase until the end of the
experiment. Cumulative biogas yields were 246, 266, 235, and 253 N mL/gys for
DF80, DF80 B1, DF100, and DF100 B1, respectively. In contrast, SingleAD
exhibited a sharp increase until day 5, reaching only 35 % of its maximum biogas
yield. A plateau occurred from days 6 to 12, after which biogas production
resumed, reaching a final cumulative yield of 402 N mL/gys.

CH4 production followed trends like total biogas. An initial phase of rapid
accumulation occurred until day 6, followed by slower production through the
remainder of the experiment. Maximum CH4 yields were 193 NmL/gys for
DF100, 208 NmL/gys for DF80, 227 N mL/gys for DF100 B1, and 241-240
N mL/gys for DF80 B1 and SingleAD, respectively. COz production Figure 5.2-d
exhibited comparable trends, with SingleAD peaking during the first 4 days (138
N mL/gvs) and other configurations reaching lower yield: DF80 and DF100 at 42
N mL/gvs, and DF80_B1 and DF100 B1 at 26 N mL/gys.

Biogas composition is presented in Figure 5.2-e. CH4 was the dominant
component, accounting for 90 % in DF80 B1 and DF100 BI, 82-84 % in DF80
and DF100, and 60 % in SingleAD. CO> concentrations ranged from 9-34 %, with
the lowest in the biochar-supplemented reactors. H» was detected only in
SingleAD (6 %). Statistical analysis indicated no significant differences in
cumulative biogas production among the four TSAD configurations during the
second stage (p > 0.05). As observed in the DF stage, inoculum pretreatment
temperature (80 or 100 °C) and biochar addition (1 g/L) had limited influence on
biogas or CH4 yields in the subsequent AD stage.

173



However, it is noteworthy that the configurations supplemented with biochar
exhibited a substantially higher CH4 fraction in the biogas compared to SingleAD,
together with a correspondingly lower CO: content. This shift in biogas
composition suggests a beneficial role of biochar in enhancing biogas quality
rather than increasing total gas production. The reduced CO; fraction may be
attributed to the ability of biochar to adsorb CO,, as well as to promote more
efficient conversion of intermediate compounds toward methanogenesis. In
addition, the conductive surface and porous structure of biochar may facilitate
direct or indirect interspecies electron transfer, favoring methane formation over
CO; accumulation. Although the overall CH4 yields were not significantly
different, the improvement in CH4 concentration highlights the potential of
biochar as an effective additive for upgrading biogas composition and improving
downstream energy recovery.

A notable observation is the difference in production dynamics between the
second stage of TSAD and SingleAD. While SingleAD ultimately produced the
highest total biogas (402 NmL/gVS), CH4 yields were similar across all
configurations. The main advantage of TSAD lies in production rate: 90 % of
maximum CHjy yield was achieved within 10 days in DF80, DF100, DF80 BI,
and DF100 B1, compared to day 28 for SingleAD, almost three times longer.
This acceleration highlights the potential industrial relevance of TSAD, where
faster attainment of peak yields can significantly improve process efficiency and
throughput. These results are consistent with observations discussed in Section
2.3.6, confirming that while single-stage AD can maximize total biogas, TSAD
enhances CHs production kinetics without compromising final yields.
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5.3.4 Two-stage anaerobic digestion of FVW and JWW:
evaluation of biochar effect in dark fermentation

This experimental campaign assessed the feasibility of integrating DF and AD in a
sequential process by applying TSAD to FVW and JWW. In the first stage, five
DF configurations were evaluated by varying the inoculum thermal pretreatment
temperature between 80 and 100 °C and investigating biochar role in process
performance. The configurations were therefore defined as follows: TH_ 80 (80 °C
pretreatment), TH 80 B1 (80 °C pretreatment with 1 g/L biochar), TH 100 (100
°C pretreatment), TH 100 B1 (100 °C pretreatment with 1 g/L. biochar), and
TH_100_B2 (100 °C pretreatment with 2 g/L biochar).

Biogas production began immediately in all configurations, as shown in Figure
5.3-a, although the production kinetics differed markedly among treatments. The
configurations with inoculum pretreated at 100 °C (TH_100, TH 100 BI, and
TH_ 100 B2) exhibited a rapid start-up, characterized by a steep initial increase in
biogas production. Among these, TH 100 B2 reached a plateau as early as day 2,
whereas TH 100 and TH_100 B1 continued producing biogas until day 3. In
contrast, the configurations pretreated at 80 °C (TH_80 and TH_80 B1) displayed
a slower initial production rate, as indicated by gentler slopes, but ultimately
surpassed TH 100 B1 and TH 100 B2 in terms of cumulative biogas yield.
Specifically, TH 80 and TH_80 B1 achieved final biogas yields of 179 and 190
N mL/gys, respectively. The highest cumulative biogas production was observed
for TH_100 (194 N mL/gvs), whereas lower yields were obtained for TH_100 Bl
and TH 100 B2 (163 and 175 N mL/gvs, respectively). These results indicate that
higher pretreatment temperatures favored faster biogas production kinetics but did
not necessarily result in higher final biogas yields.

H> production (Figure 5.3-b) followed a different temporal pattern. All
configurations with inoculum pretreated at 100 °C initiated H> production
immediately, whereas those pretreated at 80 °C showed a one-day lag before H»
generation began. Consistent with biogas trends, the 100 °C pretreatment
promoted faster Hz production, as reflected by steeper cumulative curves. In all
cases, Hz production ceased by day 3, when a plateau was reached. The highest
hydrogen yield was achieved by TH 100 B2, reaching 93 N mL/gys, while all
other configurations yielded approximately 75 N mL/gys.

CH4 production remained negligible throughout the experiment (Figure 5.3-c).
Only TH_80 and TH_100 exhibited trace CH4 formation, with cumulative yields
below 0.2 N mL/gys, most of which occurred during the first day. This confirms
effective suppression of methanogenic activity under the applied DF conditions.
CO; production trends (Figure 5.3-d) differed from those of both biogas and H,.
Configurations with inoculum pretreated at 100 °C showed a faster CO:
production rate compared to those pretreated at 80 °C. TH_100 B2 reached a
plateau by day 2, whereas the remaining configurations plateaued by day 3.
Despite a slower start-up, TH 80 B1 achieved the highest cumulative CO>
production (123 N mL/gys), closely followed by TH 100 (119 N mL/gys).
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Intermediate yields were observed for TH 80 (105 N mL/gvs), while lower values
were obtained for TH 100 B1 and TH 100 B2 (91 and 83 N mL/gys,
respectively).

The biogas composition is reported in Figure 5.3-e. H> reached a maximum
concentration of 53 % in TH 100 B2, followed by 46 % in TH 100 B1 and 39
% in TH_80. The lowest H> concentrations (38%) were observed in TH 80 Bl
and TH_100. CO; accounted for 47-62% of the biogas volume, while CH4 was
detected only in trace amounts, further confirming successful inhibition of
methanogens. No statistically significant differences in total biogas production
were observed among the five configurations (p > 0.05), suggesting that biochar
addition in the tested range (1-2 g/L) did not substantially affect overall biogas
yields. However, the higher H» yield and fraction observed in TH 100 B2 may
indicate a potential positive effect of biochar on H: production, although this
cannot be conclusively established due to the high variability of the results, as
reflected by the large error bars.

VFAs in the DF digestates were analyzed to elucidate the dominant metabolic
pathways (Figure 5.3-f). The VFAs profiles varied across configurations, although
acetic and butyric acids consistently dominated, while propionic acid remained
negligible. Acetic acid concentrations ranged from 0.09 to 3.32 g/L. Butyric acid
was the predominant acid in all configurations except TH 100 B2, where it
accounted for 47% of total VFAs and reached 3.0 g/L. Higher butyric acid
concentrations were measured in TH 80 (4.16 g/L) and TH 80 B1 (3.32 g/L),
while lower values were observed in TH 100 (2.41 g/L) and TH_100 B1 (2.79
g/L). Consequently, total VFAs concentrations were 7.0, 3.4, 3.5, 4.9, and 6.3 g/L
for TH_80, TH 80 B1, TH 100, TH 100 B1, and TH 100 B2, respectively, all
remaining below the commonly reported inhibitory threshold of 8 g/L. Although
VFAs accumulated during DF, regular pH monitoring and adjustment likely
prevented acidification-related inhibition and contributed to process stability.
Overall, the role of biochar in enhancing DF performance could not be clearly
established under the tested conditions, as process variability and statistical
analysis did not indicate a significant effect. This contrasts with the findings of W.
Li et al. (2020), who reported a 114% increase in H: yield during glucose DF with
biochar additions of 3—-12 g/L. The discrepancy may be attributed to the higher
biochar dosages and the use of a simpler substrate in their study, suggesting that
biochar effectiveness may be strongly dependent on both concentration and
substrate complexity.
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5.3.5 Two-stage anaerobic digestion of FVW and JWW: effects of
biochar-amended DF on anaerobic digestion

The second stage of the process (AD) utilized the digestate from the DF stage as
substrate. Five experimental configurations were evaluated during the AD
corresponding to the configurations tested in the first stage (paragraph 5.3.4).
They were defined as: DF80 (digestate from TH 80), DF80+B1 (digestate from
TH 80 B1), DF100 (digestate from TH 100), DF100+B1 (digestate from
TH 100 BI) and DF100+B2 (digestate from TH 100 B2). Each effluent was
mixed with fresh, non-pretreated CAS inoculum at a S:I ratio of 1:1, maintaining
a TS content of 3 %. The performance of the second stage of TSAD was
compared with that of a conventional single-stage AD process applied directly to
FVW and JWW (hereafter referred to as SingleAD).

Cumulative biogas and CH4 production over the 34-day experimental period are
shown in Figure 5.4-a and -b. All TSAD configurations produced biogas and
exhibited similar overall trends, whereas SingleAD showed a distinct production
pattern. During the initial phase (days 0-6), biogas production rates were high in
all TSAD reactors, as indicated by the steep slopes of the cumulative curves. After
day 6, production gradually slowed, and a stable plateau was reached from day 9
until the end of the experiment. Final cumulative biogas yields were 246, 283,
235, 117, and 164 N mL/gvs for DF80, DF80+B1, DF100, DF100+B1, and
DF100+B2, respectively. In contrast, SingleAD exhibited a rapid increase in
biogas production until day 5, followed by a temporary plateau between days 6
and 12, after which production resumed, reaching a final cumulative yield of 402
N mL/gys.

CH4 production followed trends similar to those observed for total biogas. A rapid
accumulation phase occurred during the first six days, followed by a plateau for
the remainder of the experimental period. The highest CH4 yield among the
TSAD configurations was obtained with DF80+B1 (230 N mL/gvs), followed by
DF80 (208 N mL/gys), DF100 (193 N mL/gvs), DF100+B2 (131 N mL/gys), and
DF100+B1 (95 N mL/gVS). SingleAD reached a comparable CH4 yield of 240 N
mL/gvs. COz production (Figure 5.4-d) showed a similar temporal trend across all
reactors, although SingleAD exhibited higher CO2 production, peaking at 138 N
mL/gvs, whereas TSAD configurations ranged between 18 and 53 N mL/gyvs.
Biogas composition is presented in Figure 5.4-e. CHs4 was the dominant
component in all TSAD configurations, accounting for 80-85 % of the biogas,
whereas SingleAD contained a lower CHy4 fraction (approximately 60 %). CO>
concentrations ranged from 14 to 34 %, with the lowest values observed in
biochar-amended reactors. H, was detected only in trace amounts in DF100+B1 (4
%), DF100+B2 (7 %), and SingleAD (6 %). Statistical analysis revealed
significant differences in total biogas production among the six configurations. In
particular, SingleAD significantly outperformed all other configurations in terms
of biogas yield, whereas DF100+B1 showed markedly lower performance.
Interestingly, this trend was not observed for methane production: SingleAD
achieved methane yields comparable to DF80+B1, indicating an improvement in
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process performance resulting from the application of TSAD. Overall, results
regarding the effect of biochar addition during the first stage on the performance
of the second AD stage are not easy to interpret. While DF80+B1 showed
improved performance compared to DF80, this trend was not confirmed for the
100 °C pretreatment, where the biochar-amended configurations performed worse
than DF100 in AD. This variability may be attributed to the inherent complexity
of the system, which is influenced by factors such as feedstock composition,
seasonal variations, and operational conditions.

Nevertheless, a key outcome of this study is the marked difference in production
kinetics between TSAD and SingleAD, as discussed in paragraphs 2.3.6 and 5.3.3.
Although SingleAD achieved the highest total biogas production, CH4 yields were
comparable to DF80 and DF80+B1. The principal advantage of TSAD lies in the
substantially faster CHs4 production: approximately 99 % of the final CH4 yield
was reached within 10 days in all TSAD configurations, whereas SingleAD
required up to 32 days to achieve the same level. This acceleration is particularly
relevant for industrial applications, where reduced retention times and higher
process throughput can significantly enhance overall efficiency. These results
demonstrate that TSAD improves CH4 production kinetics without compromising
final yields, confirming its potential as an effective alternative to conventional
single-stage AD.
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5.3.6 Thermophilic dark fermentation of FVW and JWW:
evaluation of biochar effect

This experimental campaign assessed the feasibility of thermophilic DF applied to
FVW and JWW. Four configurations were evaluated by varying the inoculum
thermal pretreatment temperature between 80 and 100 °C and investigating on
biochar role in process performance. The configurations were therefore defined as
follows: TH_80 (80 °C pretreatment), TH 80 B1 (80 °C pretreatment with 1 g/L
biochar), TH 100 (100 °C pretreatment), and TH 100 B1 (100 °C pretreatment
with 1 g/L biochar).

Biogas production started immediately in all configurations, as shown in Figure
5.5-a. Similar production kinetics were observed for TH 80, TH 80 B1, and
TH_100 BI, all characterized by a steep initial slope indicating the highest
production rate within the first day of operation. From day 2 onward, the rate of
biogas production progressively decreased, reaching a plateau by day 4. In
contrast, TH 100 exhibited a high production rate during the first two days,
followed by a lag phase that persisted until the end of the experiment. Final
cumulative biogas yields of 224 and 198 N mL/gys were obtained for TH_80 and
TH_80 B1, respectively. The highest biogas production was achieved by
TH_ 100 BI1 (243 N mL/gys), while the lowest yield was observed for TH 100
(152 N mL/gVS).

H: production followed trends comparable to those of total biogas (Figure 5.5-b).
In TH 80, TH 80 BI, and TH 100 B1, between 75 % and 97 % of the total H>
yield was produced within the first day of fermentation. Conversely, TH 100
reached its maximum H> production by day 2, after which production ceased. The
highest H> yield was recorded in TH 100 B1 (128 N mL/gvs), while the other
configurations achieved values ranging between 78 and 101 N mL/gys.

CH4 production remained negligible throughout the experiment (Figure 5.5-c).
Only TH 80 and TH 100 B1 exhibited trace CH4 formation, with cumulative
yields below 0.21 N mL/gys. CH4 production occurred mainly during the first day
in TH 100 B1 and by day 8 in TH_ 80, confirming the effective suppression of
methanogenic activity under the applied dark fermentation conditions.

COz production trends are presented in Figure 5.5-d. Like biogas and H», most
CO: production occurred within the first day in TH 80, TH 80 B1, and
TH_100 BI, whereas TH 100 maintained a relatively high production rate during
the second day as well. Despite achieving the highest biogas and H» yields,
TH_ 100 BI did not exhibit the highest CO; production, reaching 114 N mL/gvs
compared to 123 N mL/gyvs in TH _80. TH_80 B1 reached 106 N mL/gys, while
TH_100 showed the lowest CO; yield (74 N mL/gvs).

Biogas composition is reported in Figure 5.5-e. H> reached a maximum
concentration of 53 % in TH_100_B1, followed by 51 % in TH_100 and 46 % in
TH_80 B1. The lowest H2 concentration (45 %) was observed in TH_80. CO>
accounted for 47-55 % of the biogas, while CHs4 was present only in trace
amounts, further confirming effective inhibition of methanogens.
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Statistical analysis revealed significant differences in total biogas production
among the four configurations. Biochar addition (1 g/L) significantly enhanced
biogas production in the 100 °C pretreated inoculum, whereas no substantial
effect was observed for the 80 °C pretreatment. The higher H> yield and fraction
observed in TH 100 Bl may indicate a possible influence of biochar on
hydrogen production; however, this effect should be interpreted with caution, as it
may also reflect intrinsic process variability. Under these conditions, the observed
increase in biogas production was approximately 64 %.

VFAs in the DF digestates were analyzed to elucidate the dominant metabolic
pathways (Figure 5.5-f). VFAs profiles differed among configurations; however,
butyric acid consistently dominated, while acetic acid was detected only in three
configurations. Propionic acid was not detected. Acetic acid concentrations
ranged from 0.07 to 0.09 g/L. Butyric acid concentrations reached 2.41, 2.39,
245, and 2.57 g/L for TH 80, TH 80 BI, TH 100, and TH 100 BI,
respectively. Consequently, total VFAs concentrations were 2.41, 2.47, 2.53, and
2.65 g/L, all well below the commonly reported inhibitory threshold of 8 g/L.
Regular pH monitoring and adjustment likely prevented acidification and
contributed to process stability.

Overall, process temperature had a strong influence on H: production.
Thermophilic conditions (55 °C) substantially increased H> yields compared to the
mesophilic conditions discussed in Section 5.3.4, where maximum yields of
approximately 75 N mL/gys were obtained regardless of pretreatment temperature
or biochar addition. In the present study, TH 80, TH 80 B1, and TH 100 B1
achieved H; yields of 101, 92, and 128 N mL/gvs, corresponding to increases of
35 %, 23 %, and 71 %, respectively, compared to mesophilic operation.

The influence of operating temperature on DF performance is consistent with
previous studies. Shin et al. (2004) investigated DF of food waste at 35 and 55 °C
and reported a ninefold increase in H> yield under thermophilic conditions.
Similarly, Zhang et al. (2019) observed a 20 % increase in CH4 yield during AD
of soybean curd at 55 °C compared to 35 °C. Zhang et al. (2023) further
demonstrated that thermophilic conditions enhanced CH4 yields by 8 % in food
waste digestion, with biochar addition providing an additional 11 % increase and
reducing digestion time. These findings confirm the critical role of temperature in
improving anaerobic process performance.
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5.3.7 Humic acids extraction

As previously described, HA extraction was carried out on digestate obtained
from the TSAD of FVW and JWW, using inoculum thermally pretreated at 100
°C. The quantification of HA was performed following the method proposed by
Lamar et al. (2014). The extracted HA was first dried in a laboratory oven at 90
°C, then transferred to a ceramic crucible and combusted in a muffle furnace.
After cooling, the crucible containing the ash was weighed to determine the ash
content. The final HA mass was then calculated by correcting the measured mass
for ash content. Results are presented in Table 5.4.

Table 5.4 Humic acids (HA) yield expressed as g HA/ g dry mass digestate.

% HA (dry Standard Reference
Substrate matter basis) deviation
Anaerobic sewage Cristina et al.
sludge from wastewater 12.53 +1.60 (2020)
Sewage sludge 7.33 N.A. H. Liet al. (2017)
Digestate from TSAD )
of FVW and JWW 20.01 + 1.81 This study

The amount of HA extracted from the digestate represents the highest value
among the studies considered in this work. However, the HA purity remains lower
than that of commercial products, which typically reach values of about 77%. This
difference is expected and can be attributed to the origin of the extracted material.
In this case, HA is derived from waste-based digestate, which inherently contains
a higher fraction of inorganic residues and non-humified organic compounds
compared to commercial HA obtained from peat, lignite, or leonardite. These
conventional sources are naturally richer in humic substances and undergo
extensive industrial purification processes, resulting in higher purity levels
(Cristina et al. 2020).

Elemental analysis showed carbon, nitrogen, and hydrogen contents of 38.36
+ 2.25 %, 3.68 £ 0.44 %, and 4.29 + 0.44 %, respectively. These values are
consistent with those reported in the literature for humic acids obtained from
waste-derived substrates by Kambatyrov et al. (2025) and Spaccini and Piccolo
(2009). The elemental composition reflects the heterogeneous and partially
aromatic nature of the extracted organic matter.

Despite the lower purity, the HA recovered from digestate demonstrates a
significant recovery potential and may still be suitable for applications such as soil
amendment or organic fertilization, where extremely high purity is not strictly
required.

5.3.7.1 FTIR spectroscopic analysis of humic acids

Infrared spectroscopy of the three powdered HA extract replicates confirmed
the presence of functional groups characteristic of humic substances. Figure 5.6
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shows the ATR-FTIR transmittance spectrum, which displays several bands
commonly associated with HA.

A broad absorption band centered around 3728 cm™' was observed and is
attributed to O-H stretching vibrations of carboxylic acids, phenols, and alcohols.
This feature reflects the high abundance of hydroxyl-containing functional groups
typically found in humic materials (Kambatyrov et al. 2025). The spectrum also
exhibits a characteristic doublet in the 2920-2850 cm’!, corresponding to C-H
stretching vibrations of aliphatic structures (Taha 2025; Spaccini and Piccolo
2009).

In the mid-infrared region, an intense band between 1650 and 1630 cm™ can
be assigned to C=0 stretching of carboxylic and ketonic groups, as well as to
aromatic C=C stretching vibrations, indicating the presence of both oxygenated
and aromatic moieties (Taha 2025; Timofeevna Shirshova et al. 2006). A further
peak at approximately 1533 cm is associated with C=N stretching of amide
groups, suggesting contributions from nitrogen-containing organic compounds.
Additional bands at 1456 and 1418 cm™! are characteristic of bending vibrations of
aliphatic C-H groups, further confirming the aliphatic nature of part of the organic
matrix (Spaccini and Piccolo 2009). The region between 1216 and 1031 cm’!
shows multiple overlapping peaks, which can be attributed to C-O stretching
vibrations of alcohols, phenols, aliphatic ethers, and polysaccharides. This region
is commonly reported as a fingerprint zone for oxygenated functional groups in
humic substances (Timofeevna Shirshova et al. 2006; Kambatyrov et al. 2025;
Taha 2025).

Finally, several bands observed at lower wavenumbers (832-456 cm™) are
reasonably attributed to vibrations of aromatic carbon structures and alkyl
substituents (Kambatyrov et al. 2025). Overall, the FTIR spectral features agree
with those reported in the literature for humic substances, suggesting that the
extracted material shares typical structural and functional features of humic acids.
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Figure 5.6 ATR-FTIR transmittance spectrum of powered HA extract.
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Chapter 6

6. Techno-economic and
environmental assessment

6.1 Introduction

Industrial scale-up refers to the transition of a process from laboratory or pilot-
scale conditions to full-scale industrial application. This step is essential for
translating scientific and technological advances into solutions that are
economically viable and socially relevant. One of the main challenges associated
with scale-up is reproducing the performance observed at small scale in large-
volume systems, where operating conditions become more complex and are
constrained by technical, regulatory, and economic requirements. Ensuring stable
operation, comparable efficiencies, consistent product quality, and acceptable
environmental and economic performance require careful adaptation of laboratory
conditions to industrial realities.

In conventional development pathways, pilot-scale studies are typically employed
to refine operating parameters and identify potential limitations before full-scale
implementation. In the present work, however, a direct transition from laboratory-
scale results to industrial scale was considered. This approach was adopted
because the objective was not to develop a detailed engineering design, but rather
to provide a preliminary evaluation of process feasibility, plant configuration, and
associated cost implications and environmental impacts at an industrial scale.
Accordingly, this chapter addresses the conceptual design, economic and
environmental evaluation of a TSAD industrial plant. The analysis includes the
definition of the main process units and operating assumptions, followed by an
assessment of capital and operating costs and the calculation of key economic
performance indicators, with particular attention to the role of economies of scale.
Furthermore, the economic evaluation is complemented by an environmental
assessment based on Life Cycle Assessment (LCA), allowing a comprehensive
evaluation of both the economic and environmental sustainability of the proposed
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system. The configuration selected for this analysis corresponds to the system
described in Sections 5.3.2 and 5.3.3. It includes inoculum thermal pretreatment at
100 °C and excludes biochar addition, as no significant performance
improvements were observed with the use of this additive. In contrast, the 100 °C
thermal pretreatment resulted in the highest H» yield and was therefore retained.

6.2 Materials and methods

6.2.1 Technological assessment

Before starting the detailed design, the purpose of the process was clearly
defined in terms of the raw material to be used and the desired final products.
Then, existing technologies used in similar processes were reviewed to select the
most suitable option. After the technology was chosen, the design activities began.

The equipment design approach adopted in this thesis is based on two main
phases.

6.2.1.1 Matter and energy balances
Each piece of equipment is defined by one or more inlet material streams and one
or more outlet streams. Identifying these flows is essential to accurately quantify
the mass moving through the process, as this directly affects plant sizing.
When a unit involves heat transfer or electricity use, energy balances must also be
considered. Energy consumption can be classified as electrical or thermal,
depending on the operation. Electrical consumption refers to the amount of
electricity used, expressed in kWh. Thermal consumption is related to heating or
cooling requirements and is often quantified through the flow rate of a heating or
cooling medium.
For heating operations, steam is commonly used; it releases heat as it condenses,
while for cooling, water may be sufficient. In these cases, the flow rate of steam
or cooling fluid represents the thermal energy demand of the process.
By knowing the enthalpy of vaporization or the specific heat capacity of the fluid,
the thermal energy requirement can be easily calculated and expressed in kWh.

6.2.1.2 Sizing

As mentioned before, once the material flow rates and energy requirements of the
plant are known, it is possible to estimate the size of the equipment. There is no
single, universal method for this evaluation. For some units, sizing can be
performed using established calculation procedures based on theoretical or
empirical approaches. These methods rely on assumptions and formulas that allow
reasonably accurate estimates of equipment dimensions.

In other cases, such calculation methods are not available or are not suitable.
When this occurs, equipment selection is based on process requirements and
practical considerations, often using technical catalogs to identify commercially
available units that meet the plant’s needs.
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Some general assumptions were made regarding the utilities used in the
process. Heating and cooling operations are achieved through the supply of
saturated steam, cooling water or chilling water. Unless otherwise specified, the
properties of these utility streams are reported in Table 6.1. Based on these
assumptions, saturated steam is assumed to release heat and fully condense at the

same temperature while chilling water is assumed to increase in temperature by
(AT) of 13 °C.

Table 6.1 Characteristics of fluids used in cooling and heating operations.

Fluid Components Status Tin (°C) Tout (°C) Pressure (atm)
Water vapor Water Saturated Steam 125 125 1.68
Chilling water Water Liquid 7 20 1

Further considerations concern process pressure. Unless otherwise specified,
all operations are assumed to occur at atmospheric pressure. When different
pressures are required, the operating conditions are explicitly stated.

6.2.2 Economic assessment

Economic analysis evaluates all cost components that contribute to the total
expense of the plant. These costs depend on earlier design choices, such as
equipment sizing and energy optimization. For this reason, economic analysis
represents the final step of the preliminary techno-economic assessment and
allows verification of the project’s technical and financial feasibility.

This analysis compares investment and operating costs with the expected
revenues from product sales, providing an estimate of process profitability. Based
on this comparison, realistic assumptions can be made about the practical
implementation of the proposed system, considering both design simplifications
and current market prices.

Plant costs are generally divided into fixed (FC) and variable costs (VC). FC
are independent of production rate and include equipment investment, insurance,
maintenance, and fixed personnel. VC depends on production and includes raw
materials, energy consumption, packaging, and variable labor. The sum of fixed
and variable costs at a given production level defines the total costs (TC) of the
process.

Many of the decisions that are made during design are influenced by
economic indicators. The purpose of economic analysis is to determine the
convenience of certain choices to have maximum profit.

The indicators useful in the evaluation of these parameters are:

Revenue (R)

R = p*q
6.1)
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where p is price and g is sales level.

Helpful (U)

U=R-TC
(6.2)

where U can be negative (loss) or positive (gain).

These quantities are fundamental in the evaluation of the production levels
that must be achieved in a company. For this purpose, a diagram is used where
profitability is shown on the x-axis while costs and revenues are shown on the y-
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Figure 6.1 Profitability diagram as a function of production intensity modified from Janji¢ et al. (2010).

From Figure 6.1 you can see the break-even point (BEP). The BEP is the
point at which total costs and revenue equalize each other in a defined time.
Before this point, there is no gain, so U is negative (loss area). On the contrary,
beyond the BEP, U is positive (profit area). The increase in production of a plant
is always associated with an increase in costs due to the management of the high
level of production.

Plant design involves technical decisions guided by two main considerations.
On one side, technological innovation is attractive because it can offer higher
yields and improved process efficiency. On the other side, advanced technologies
are often associated with higher costs compared to conventional solutions. For this
reason, it is essential to evaluate whether the performance benefits justify the
additional investment.

A key concept in process economic analysis is the economy of scale. This
principle states that the specific cost per unit of product generally decreases as
plant productivity increases. In other words, total costs do not increase
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proportionally with production capacity. Instead, the relationship between cost
and scale is less than linear, as described by the following equation:

Pm
C=C°(p—>
0

(6.3)

where P and Py are the two levels of productivity, C and Cy are the relative
costs, and m is the scale factor (number less than or equal to 1).

Economies of scale arise from the different ways in which costs increase with
plant size. For example, capital costs are often related to the surface area of
equipment, while production capacity increases with volume, leading to a more
efficient use of materials as size increases.

This principle also applies to operating costs such as maintenance and labor,
which are more closely linked to the number of operators than to the size of the
equipment itself. Energy consumption likewise tends to increase less than
proportionally with productivity, as larger plants usually operate more efficiently
(with scaling exponents typically in the range of m = 0.2-0.3).

As a result, economies of scale generally favor larger plants or the
centralization of processes, as these configurations can achieve lower overall unit
costs (Singh et al. 2015).

The economic evaluation of a plant can be carried out by calculating the cost
of the different components that take part in the process. On the one hand, it is
necessary to estimate the capital cost of the system, i.e. the one associated with
the main equipment required. On the other hand, the operating cost of the process
necessary to allow a good operation of the plant and therefore to ensure an intense
production is evaluated.

6.2.2.1 Capital cost

The capital cost was estimated based on the equipment included in the process
flow diagram. Equipment sizing was derived from material and energy balances.
Once the required calculations were completed and the dimensions of each unit
were defined, the main pieces of equipment were economically evaluated. The
cost estimation was performed according to:

Cem = Cz(o) Fpy = Cz(o) (By + By FyFp)
6.4)

where Cpu 1s the total cost of a piece of equipment (Bare Module Cost), Cz(,’ is
the cost of equipment at atmospheric pressure and made of carbon steel
(Purchased Cost) and Fpy is the factor that considers changes in pressure and
materials of construction (Bare Module Factor). The latter can be either a unique
value associated with a certain type of equipment or it can be evaluated according
to four parameters: B; and B> are two constants, Fu is a factor associated with the
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material of construction (Material Factor) and Fp is associated with the operating
pressure of the equipment (Pressure Factor).
The value of Cg is evaluated according to:

loglocz(o) = K; + Kylog1o(4) + Ks[log,0(A)]?

(6.5)

where K;, K> and K3 are three characteristic constants of each equipment and
A is the characteristic size of the section (e.g. a heat exchanger is evaluated
according to the exchange area). This relationship is associated with certain
ranges of characteristic dimensions. Where the equipment does not fall within
these values, the value of Cg is assessed according to:

0 0 n
G < A )
0 - 0
Cp.min Ap.min
0

where Cp i, is the cost of a piece of equipment with a size equal to the

(6.6)

minimum of the relationship validity interval, Ag)mm is the minimum size of the
interval and Ag is the actual size of the equipment. The coefficient » has been
evaluated as 0.6 as the average of the typical values that normally range between
0.3 and 0.84.

As previously mentioned, for some equipment the Fpm factor is provided
directly, independently of construction material and operating pressure. In other
cases, the Fgm must be calculated using the constants B1 and Ba, together with the
material factor Fm and the pressure factor Fp. Depending on the type of
equipment, Fp is evaluated differently.

For pressure tanks, Fp is calculated according to:

PD

2SE — 1.2P
FP,vessel =

+ CA

tmin
6.7)

where P is the operating pressure in barg, D is the diameter of the tank, CA4 is
the corrosion factor (equal to 0.00315 m), S is the maximum stress sustained by
carbon steel (equal to 944 bar), E is the welding efficiency (equal to 0.9) and tuin
is the minimum thickness required for the tank wall (equal to 0.0063 m). If Fp is
lower than 1, it is set equal to 1. For operating pressures below —0.5 barg, Fp is
assumed to be 1.25.

For all other cases, Fp is calculated as:
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logioFp = C; + CylogsoP + 63[1091013]2
(6.8)

where C;, C>, and Cs are constants associated with the equipment and P is the
operating pressure in barg (Turton 1998).

For some equipment, it was not possible to estimate the values of the
constants mentioned above. The Cpm value was then estimated from graphs in
which this value is given as a function of the characteristic size (as in the case of
the blade mill) or from data present in the literature (as in the case of the
digesters) (Ulrich and Vasudevan 2004).

The value of Cgwm is first calculated in $ and then converted into € with a
conversion factor of 0.873 €/8.

Once the total cost of your main equipment has been calculated, inflation
must be accounted for via the Chemical Engineering Plant Cost Index (CEPCI)
factor. This index takes on a different value every year, so it is necessary to
normalize the total cost of the plant to the year in which its construction is
planned. Cgm values were evaluated using factors associated with the year 2001
when the CEPCI was worth 397. To update the design, the CEPCI of the year
2023 was considered equal to 801.

CEPCl5p53
CBM,2023 = CBM,2001 <m>

(6.9)

Following the calculation of the total cost of the plant, the values of the
contributions due to various operations were derived. The value of Cgm is worth
68 % of the total cost of building a plant (Bare Erected Cost) which also includes
installation costs (24 % of the total) and materials, equipment and labor costs (8 %
of the total). An additional cost equal to 17.5 % of the Bare Erected Cost was
included to account for contractor services (Engineering Procurement and
Construction contractor services). The sum of the latter term and the Bare
Erected Cost constitutes the total Engineering Procurement and construction cost.
This value is added to the costs due to process and project contingencies (17.6 %
and 15 % of the Bare Erected Cost, respectively) to obtain the Total Plant Cost
(FCI). Finally, the Total Overnight Cost is calculated as the sum of the Total
Plant Cost and the start-up costs, inventory, financing and overhead (respectively
2 %, 0.5 %, 2.7 % and 15 % of the Total Plant Cost). All values calculated so far
will be expressed in k€.

6.2.2.2 Operating costs

Following the evaluation of the total cost of the plant represented by Total
Overnight Cost, it is necessary to calculate the costs due to the operation of the
plant. This quantity differs from the first in that it is a time-dependent value and is
therefore measured in k€/y.
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Cost of Manufacturing (COM) can be divided into three categories:

o Direct Manufacturing Cost (DMC): these depend on the speed of
production and consist of the cost of raw materials, cooling water, heating
steam, labor, administration and support personnel, maintenance and
repair, consumables, laboratory fees, patents, and royalties.

A brief in-depth analysis of the calculation of labor costs is necessary. It is
based on the calculation of the operators needed to monitor the plant during
production. It can be assumed that an operator works 49 weeks a year (thus
considering 3 weeks for holidays and leave). Each week consists of 5 shifts of 8
hours for a total of 245 shifts per year per operator. Assuming that the plant is in
operation 24 hours a day, 365 days a year, the total number of shifts to be covered
can be calculated by multiplying the working days by three, i.e. the number of
shifts per day. Dividing this value by the number of shifts per year assigned to an
operator, we get about 4 operators hired for each operator present in the plant at
any given time. The number of operators present in each shift (NOL) can be
evaluated as:

No, = (6.29 + 0.23 Ny,))™"

(6.10)

where Ny 1s the number of equipment. Considering an annual salary of 40000
€ for each operator, the cost of labor is obtained as:

CoL = 4 * Npy, * 40000
(6.11)

Fixed Manufacturing Costs (FMCs): These are not affected by the level of
production and are associated with depreciation, local taxes and insurance, and
costs due to ancillary operations to support production.

General Expenses (GEs): These are not associated with production because they
consider expenses due to administration and management activities. This cost
item includes expenses due to the distribution and sale of the product as well as
those associated with research and development.

Table 6.2 shows the relationships used in the calculation of the various cost items
(Turton 1998).
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Table 6.2 Relationships used in the evaluation of the total cost of productivity of a plant.

Direct Manufacturing Cost

Raw Materials CRM

Waste Treatment CWT

Utilities CUT

Operating Labor COL

Direct Supervisory and clerical labor 0.18 COL

Maintenance and Repairs 0.06 FCI

Operating Supplies 0.009 FCI

Laboratory Charges 0.15 COL

Patents and Royalties 0.03 COM

Fixed Manufacturing Cost

Depreciation 0.1 FCI

Local Taxes and Insurance 0.032 FCI

Plant Overhead Costs 0.708 COL + 0.036 FCI
General Manufacturing Expenses

Administration costs 0.177 COL + 0.009 FCI
Distribution and selling costs 0.11 COM

Research and Development 0.05 COM

The total manufacturing cost is therefore the sum of the three terms
mentioned above and is a value expressed in k€/y. This value is referred to the
production of all products on the process taken into considerations that in this case
involve the production of bioH> (accounting for 9 % of the revenues), bioCH4
(accounting for 0.56 % of the revenues), CO2 (accounting for 0.51 % of the
revenues) and HA (accounting for 0.37 % of the revenues).

Once the revenues from product sales are known, the profitability of the
investigated processes can be evaluated using a set of economic indicators: Net
Present Value (NPV), payback time (PBT), and Return on Investment (ROI).

NPV expresses the overall profitability of the plant over its lifetime, assumed
to be 20 years. It is calculated by discounting future cash flows to their present
value using a discount rate of 5 %. A positive NPV (NPV > 0) indicates that the
process is economically profitable. It is calculated according to:

T Ct
NPV (€) = Zm— CO
t—-1

(6.12)

PBT is the time required to regain the investment cost, calculated as:

Co
Net cash flow per period

PBT (y) =

(6.13)

ROI was defined according to:
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Annual net profit
ROI (%) = — - - 100
Initial total investment

(6.14)

Specifically, ROI is the annual net profit referred to the annual net profit
after 5 years of amortization (Francesca Demichelis et al. 2018, 2024).

6.2.3 Environmental analysis

Life Cycle Assessment (LCA) is a standardized methodology (ISO 14040-
44:2006) used to quantify the environmental impacts of a process or product
alongside their life cycle. It evaluates the effects of material and energy flows,
identifies critical points or bottlenecks, and allows comparison between different
processes by using the same functional unit and system boundaries (Mazzanti et
al. 2025). When applied to an industrial facility, LCA provides a comprehensive
evaluation of the environmental footprint generated during all stages of the
system, including construction, operation, maintenance, and end-of-life
decommissioning.

The primary objective of LCA is to identify and quantify the environmental
impacts associated with each life-cycle stage to support resource optimization,
minimize environmental burdens, and promote more sustainable and
environmentally responsible industrial practices.

The LCA procedure begins with the definition of the system boundaries and the
scope of the analysis. For industrial applications, this step involves the
identification and quantification of all relevant inputs, such as raw materials,
chemicals, water, and energy, and outputs, including emissions, waste streams,
and by-products. The collected data are then analyzed to determine which stages
or processes contribute most significantly to the overall environmental impact,
thereby highlighting opportunities for improvement.

The LCA process includes four main stages:

* Goal and scope definition

* Life Cycle Inventory (LCI)

* Life Cycle Impact Assessment (LCIA)

* Interpretation.

LCA was conducted using the SimaPro 9.4 software, with the Ecoinvent 3.10 and
Agri-footprint 5 databases serving as the primary data sources.

6.2.3.1 Goal and scope

LCA was applied considering a grave-to-gate approach. The functional unit (FU)
is defined as one year of process operation; therefore, the required energy, the
consumed reagents, and emissions were referred to the FU. The analysis is geo-
referred in the North of Italy, particularly in the Piedmont region, where the
experimental wastes were sourced, and time-referred to 2025. Two configurations
were compared: the first included a biogas purification unit for the separation of
CH4 and COa», while the second excluded this unit.
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6.2.3.2 Life Cycle Inventory (LCI)

LCI phase, corresponding in this study to the plant design described in
previous paragraphs, involved the systematic collection of data on material and
energy exchanges between the system and the environment. This included inputs

such as raw materials, water, chemicals, and energy, as well as outputs in the form

of emissions, by-products, and waste as shown in Table 6.3.

Table 6.3 Life Cycle Inventory (LCI). The data are referred to the FU.

Input Unit
FVW 6029 tly
IWW 43971 tly
Step 1: Waste collection Transport 47 km
Output
Waste transport 50000 tly
Input Unit
FVW 6029 tly
Crushing energy 60294 kWh
Step 2: Mechanical pretreatment
Output
Greens wastes 6029 tly
Input Unit
Substrate (FVW+IWW) 50000 tly
Mixing energy 10419 kWh
Heating energy 12411513 kWh
Step 3: Dark fermentation
Output
m H» 5706 kgly
m CO» 1198340 ke/ly
Digestate 50000 tly
Input Unit
Biogas from DF 1.64E+11 mL/y
Chilling energy 24608161 kWh
Step 4: Purification Hydrogen Heating energy 24846077 kWh
Output
m H» 5706 kgly
m CO» 1190651 kgly
Input Unit
Digestate from DF 50000 tly
Step 5: Anaerobic digestion —
Mixing energy 27083 kWh
Heating energy 59331 kWh
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Output

m CHy 127900 kgly
m CO» 440379 kgly
Digestate 50000 tly
Input Unit
Biogas from AD 2.21E+11 tly
Chilling energy 32850409 kWh
Heating energy 40471766 kWh
Step 6: Purification Methane Output
V CH4 181714005017 mL/y
m CHy 120802 kgly
V CO; 37365465831 mL/y
m CO» 68311 kgly
Input Unit
Digestate 50000 tly
KOH 28 tly
Step 7: Recovery HA -> Basification Electricity energy 106847 kWh
Output
Liquid fraction 37521 tly
Humins (solid fraction) 12507 tly
Input Unit
Liquid fraction 37521 tly
HCI 74 tly
Step 8: Recovery HA -> Acidification Electricity energy 12802 kWh
Output
Liquid fraction (waste) 28197 tly
HA (solid fraction) 9399 tly
Input Unit
HA (solid fraction) 9399 tly
Heating energy 6512469 kWh
Step 9: Drying HA Electricity energy 43177 kWh
Output
Liquid fraction (waste) 9011 tly
HA (solid fraction) 388 tly

6.2.3.3 Life Cycle Impact Assessment (LCIA) and interpretation

LCIA converted the energy and material flows into potential environmental
impacts. The evaluation was performed using the ReCiPe Midpoint 2016 (H)
method, with particular emphasis on climate change (kg CO> eq).
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In the interpretation phase, results from the inventory and impact assessment
were integrated to identify the most significant environmental hotspots and to
highlight possible strategies for mitigation.

6.3 Results

6.3.1 Design of process scale-up

This section will present the design of a TSAD plant at full scale. As mentioned
before, the plant is intended to be in Piedmont with a potential input flow of
50000 t/y of waste, composed of 12 % FVW and 88 % JWW, following the
substrates mass ratios presented in Chapter 5. Raw material production is not
affected by seasonality, so the plant can be considered to operate year-round. The
operating period amounts to 8760 hours per year and the process is assumed to
operate 24 hours a day. Specifically, 7509 hours per year were considered for the
normal operation of the plant, including DF, AD, and HA extraction,
corresponding to six days of operation per week. The seventh day was reserved
for purification activities, inoculum pretreatment in DF, and routine maintenance.
The plant is divided into two principal sections:

e TSAD section involves the biological treatment of FVW and JWW
through DF and AD, as well as the purification of biogas from both
processes. After FVW size reduction, the substrates are fed into a DF
digester, followed by an AD unit. Two absorption—stripping systems are
included for the recovery of H> and CHa.

e HA extraction section utilizes AD digestate for the extraction of HA,
following the procedure described in paragraph 5.3.7. Digestate is treated
with KOH and centrifuged, then subjected to acid treatment and a second
centrifugation. A final drying step produces HA powder.

Process diagram is presented in Figure 6.2 Process flow diagram for two-

stage anaerobic digestion process and humic acids extraction.Figure 6.2.
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Figure 6.2 Process flow diagram for two-stage anaerobic digestion process and humic acids extraction.
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6.3.1.1 Knife crusher

Before DF, FVW undergoes mechanical pretreatment through particle size
reduction to increase substrate accessibility for microorganisms. A S710 shredder
by the company WaliShredder was selected, as it is specifically designed for the
processing of kitchen waste (Anhui Wali Environmental Protection Equipment
Co.). The unit has a nominal capacity of 3000 kg/h and operates for
approximately 6.4 h per day to process the daily FVW input. The resulting
particle size of the treated feed ranges between 1 and 200 mm. Characteristics of
the equipment are presented in Table 6.4.

Table 6.4 Characteristics associated with FVW size reduction using a shredder.

O (ke/d) 19271
Load (kg/h) 3000
t(h) 6.4
Power (kW) 30
Mixing energy required (kWh) 60294

6.3.1.2 Dark fermentation

The digester was designed in accordance with the guidelines issued by
“Agenzia per la Protezione dell’Ambiente e per i Servizi Tecnici - APAT”
(Cecchi et al. 2005). Digester sizing can be performed using two main
approaches. The first approach is based on the daily volumetric feed rate and
considers the HRT as the primary design parameter. The second approach is based
on the organic loading requirements of the process, allowing the reactor volume to
be defined according to the amount of substrate needed to sustain the active
biomass.

In this work, the HRT-based approach was adopted as a first-order
approximation. The sizing procedure was carried out in the following steps:

e determination of the mass input flow rate, including TS and VS content;

e calculation of the organic load per unit reactor volume and estimation of

the effective digester volume (V), defined as the ratio between the daily
Total Volatile Solids (TVS) load and the OLR;
e Selection of the digester size based on standard reactor dimensions
(Fischer and Krieg, n.d.).
Energy requirements were divided into two main categories: electrical energy and
thermal energy.
Electrical energy was required for sludge mixing within the reactor and for
pumping operations. Electricity consumption was estimated based on these two
contributions following the approach proposed by Lu et al. (2008) according to:

Eelectricity = Emixing + Epumping = Qi - 0+ Vdigester W

(6.15)
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where Qi is the influent flowrate, m>/d; @ is the electrical energy consumption for

3. w is the electrical

pumping, 1800 kJ/m?; V' is the volume of the digester, m
energy consumption rate for stirring, 300 kJ/m? d.

Thermal energy requirements included: the heat necessary to maintain the digester
at the operating temperature (Qviomass), heat losses due to reactor interface (Qioss)
and heat losses associated with the piping system (Q,), according to Demichelis et

al. 2018):

Eheating = Qbiomass + Qloss + Qp
(6.16)

Qbiomass Was calculated following:

Qpiomass = Mbiomass Cp - (Tin — Tdigetser)
(6.17)

where My ;omass represents the biomass flow rate, kg/s; T and Tyjgesier are the
inlet and digester temperatures, 15 and 35 °C respectively; ¢, is the specific heat
capacity (here considered equal to the value of water, as FVW dry matter is equal
to 9.4 wt%), 4.18 kl/kg °C.

Qioss Was calculated according to:

Qioss = ng ) Aug '(Tdigester - Tgr) + Uext = Aext '(Tdigester - Text)
(6.18)

where U, and U.x are the heat transfer coefficients for underground walls
and non-ground walls, 2.33 and 0.93 W/m? °C, respectively (Mehr et al. 2017);
Aug and Aex are the areas of underground walls and partial walls, respectively, and
roof, m?; Tg and Ty are the temperatures of underground walls and partial walls,
7.5 and 13.1 °C respectively. Q, is calculated as 5 % of Qoss.

For the DF digester, an additional thermal demand was considered for the
periodic thermal pretreatment of the biomass used as inoculum. This pretreatment,
applied once per week, was implemented to suppress methanogenic activity and
promote the sporulation of Hz-producing microorganisms. The energy required for
inoculum pretreatment (Qpretreatment) Was calculated according to:

Qpretreatment = Qpiomass "t

(6.19)

where Qpiomass represents the heat required to raise the sludge mass inside the
digester to the target temperature, kJ; t is the heating time, which depends on the
temperature difference and the applied heating rate.

The biogas produced during the process was collected in a spherical storage
vessel, a configuration widely used in anaerobic digestion plants due to its
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structural efficiency and suitability for gas storage. The vessel volume was sized
to accommodate the biogas produced over six consecutive days of operation, as
the seventh day is dedicated to biogas purification. The spherical geometry was
selected because it allows uniform stress distribution, minimizes material
requirements for a given volume, and is well suited for low-pressure gas storage
applications (Ulrich and Vasudevan 2004).

The characteristics and dimensions of the digester and spherical vessel are given
in Table 6.5.

Table 6.5 Characteristics of dark fermentation digester and spherical vessel.

Oun (ke/d) 1.60e05
HRT (d) 4

V (m’) 884
OLR (kgys/m’ d) 423
T(°C) 35

D (m) 7.5

H (m) 20
Eeleclricity (kWh) 1.04e04
Eheating (kW) 1.24e07
VSphericalvessel (m3) 4000
DSphericalvessel ( m) 20
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6.3.1.3 Hydrogen purification

Biogas produced during the DF stage is mainly composed of Hz (39 %) and
CO2 (61 %), based on the experimental results presented in Section 5.3.2. The
objective of this section is to propose a purification strategy by separating H> from
CO: through water scrubbing in an absorption column.

The target H, purity at the column outlet was set to 99 %, while the
absorption system was designed to capture more than 98 % of the CO; using
water as the solvent operating at 25 °C. In the design of the absorption column,
the molar fraction of CO: in the gas phase at the column outlet was fixed
according to the desired separation performance.

The McCabe-Thiele graphical method was applied to determine the minimum
number of theoretical stages required for the separation. An efficiency factor (0.8)
was then used to estimate the actual number of stages. Since the process requires
discrete stages, a tray (plate) absorption column was selected. The total column
height was calculated based on the spacing between trays, which typically ranges
from 0.15 to 1.0 m. A tray spacing of 1 m was adopted in this study. The overall
column height was therefore obtained by multiplying the tray spacing by the
actual number of trays.

Finally, the maximum allowable superficial gas velocity in the column was
calculated to avoid flooding and ensure stable operation. This value was estimated

using the following relationship:
1

PL — pv]E
Pv

u, = (—0.17112 4 0.271, — 0.047) [

(6.20)

where /; 1s the space between the plates, p; is the density of the liquid and p,, is
the density of the vapor.
The column diameter Dc is then calculated as:

4V,

TPy Uy

6.21)

where V, is the maximum mass flow rate of vapor (Sinnott and Towler 2020).

After H» purification, a COz stripping step was designed to release CO; from
the absorption water and recover it as an additional product of the plant. The
stripping process uses water vapor to remove CO> from the liquid stream exiting
the absorption unit. This stream was heated in a heat exchanger until it reached 90
°C, corresponding to the operating temperature of the stripping unit.

In the stripping design, the target molar fraction of CO; in the liquid phase at
the column outlet was fixed. As for the absorption unit, the McCabe—Thiele
graphical method was applied to determine the required number of stages for
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effective stripping. The column height and diameter were then calculated
following the same design criteria used before.

Inside the column, COs: is transferred from liquid water to the rising steam,
which carries the gas toward the top of the column. At the same time, heat
exchange occurs between the liquid and vapor phases, leading to condensation of
the steam near the column head. As a result, a liquid mixture of water and
condensed steam accumulates at the bottom of the column.

To minimize water losses and promote internal recirculation, part of this
liquid is sent to a reboiler, where it is vaporized to regenerate the steam required
for stripping. The remaining liquid stream is cooled with chilling water to 25 °C,
corresponding to the operating temperature of the absorption unit, and then
recycled as the absorbent for H» purification. Characteristics of the system are
presented in Table 6.6.

Table 6.6 Characteristics of absorption and stripping units employed for Hz and CO: recovery.

ABSORPTION

O (N m’/d) 3149
Tasorption (°C) 25

P (atm) 1.00
YCo2,in 0.61
Yco2,out 0.01

H; purity (%) 99

N° stages 7
Otteater (kW) 1.97e04
Msteam (1) 2.03e04
Plate spacing (m) 1

H (m) 7

u, (m/s) 2.14

D. (m) 0.17
STRIPPING

Oin (N m’/d) 6249
Tswripping (°C) 90

P (atm) 1.00
XCO02,in 2.51e-04
XC02,0ut 5.00e-06
CO; purity (%) 98

N° stages 5
Ocondenser (kW) 1.97¢04
MChilledWater (1Y) 1.62e06
Orteater (kW) 190
Mteam (1Y) 197
Plate spacing (m) 1

H(m) 5

u, (m/s) 2.14

D. (m) 2.1
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6.3.1.4 Anaerobic digestion

The anaerobic digester was designed following the same procedure used for
DF, as described in Section 6.3.1.2. In this case, occasional thermal treatment was
not required because the inoculum was already adapted for methanogenesis, so no
additional heating for this purpose was included in the energy requirements. Since
the plant operates continuously and the HRT for DF is typically shorter than for
anaerobic digestion, the AD was assigned an HRT of 20 days. At the same input
flow rate, this longer retention time resulted in a larger digester volume.

The characteristics and dimensions of the digester and spherical vessel are given
in Table 6.7.

Table 6.7 Characteristics of anaerobic digester and spherical vessel.

On (ke/d) 1.60e05
HRT (d) 20

v (m’) 4021
OLR (kgys/m® d) 0.94
T(°C) 35

D (m) 15

H (m) 25
Eeleclricity (kWh) 2.71e04
Eheating (kWh) 5.93e07
VSpherica Ivessel (m 3) 5300
DSphericalveSsel ( m) 21.6

6.3.1.5 Methane purification

For CHj4 purification, water scrubbing in an absorption column was selected,
similar to the method used for H>. The design procedure described in Section
6.3.1.3 was applied here to size both the absorption and stripping columns. Biogas
from the anaerobic digester consisted of 82 % CHjs and 18 % CO». Characteristics
of the system are presented in Table 6.8.
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Table 6.8 Characteristics of absorption and stripping units employed for CHy and CO: recovery.

ABSORPTION

Oin (N m*/d) 4236
Tapsorpiion (°C) 25

P (atm) 1.00
YCo,in 0.18
Yco2,out 0.01

H purity (%) 99

N° stages 9
Obteater (kW) 2.62¢04
Msteam (1Y) 2.71e04
Plate spacing (m) 1

H (m) 9

uy (m/s) 2.14

D. (m) 0.2
STRIPPING

O (N m’/d) 8340
Tsripping (°C) 90

P (atm) 1.00
XCo2,in 7.40e-05
XCo2,0ut 5.00e-06
CO; purity (%) 93

N° stages 4
Ocondenser (kW) 2.62e04
MChitledWater (1Y) 2.16e06
Ouneater (kW) 6090
Msteam (1Y) 1.25¢04
Plate spacing (m) 1

H (m) 4

uy (m/s) 2.14

D. (m) 0.38

6.3.1.6 Humic acids extraction

After AD, digestate is further valorized in the second section of the plant
which involves the extraction of HA, according to the procedure described in
section 5.3.7.

As a first step, the digestate must be adjusted to strongly alkaline conditions
(pH 12). For this purpose, it is fed into a continuously stirred tank reactor (CSTR),
where potassium hydroxide (KOH) is added to achieve the target pH. The alkaline
treatment is maintained for 24 h to allow effective solubilization of humic
substances. To ensure continuous plant operation and facilitate charging and
discharging procedures, two parallel treatment lines were designed. Each line
consists of two stirred vessels operating alternately. While one line processes
digestate for 24 h, the second line remains available for feeding or emptying
operations. This alternating configuration guarantees uninterrupted treatment
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while accommodating the required residence time. Each vessel was sized to
accommodate half of the daily digestate throughput. Mixing was ensured by
installing one impeller per vessel, and the corresponding electrical power demand
was included in the energy balance (Sinnott and Towler 2020). After the alkaline
treatment, the CSTR effluent is sent to a centrifuge to separate the solid fraction
(humins, discharged as waste) from the liquid phase (supernatant containing
humic and fulvic substances), which is forwarded to subsequent processing steps.
A Flottweg AC100 centrifuge was selected for this operation. A phase split of 25
% solids and 75 % liquid was assumed. A dedicated storage vessel was designed
to collect solid waste, sized to accommodate the daily solids production. The main
design parameters of the vessels, the selected impellers and centrifuge are
reported in Table 6.9.

Table 6.9 Characterization of HA alkaline extraction system.

Alkaline extraction

Oin (kg/d) 1.60€05
tprocess (h) 24
Viesser (m’) 100
Dvesser (m) 3.2
Hyesser (m) 11.5

Nr. vessels 4

Nr. parallel lines 2
Dimpetier/Dyvessel 0.6
Dimpetier (m) 1.9
Piingle impetier (kW) 7

First Centrifugation

Oin (kg/d) 1.60€05
Model AC100
Load (L/h) 10000
P (kW) 5.5
Vvessetwaste (M°) 50
Dyegser (m) 3
Hyegser (M) 6.5

The supernatant obtained from the first centrifugation is sent to an
acidification step carried out in a stirred vessel, where HCl is added to adjust the
pH to 2. This acidic condition promotes the precipitation of humic acids, allowing
their separation from fulvic acids remaining in solution. One acidification vessel
was designed for each basification line, resulting in two identical stirred reactors
equipped with impellers.

Following acidification, the slurry is processed in a second centrifugation step
to separate the solid humic acids from the liquid phase. The liquid supernatant is
collected in a dedicated storage vessel for discharge, while the solid fraction, rich
in humic acids, is sent to a drying unit to obtain a powdered product.

The main design parameters of the vessels, the selected impellers and
centrifuge are reported in Table 6.10.
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Table 6.10 Characterization of HA acid precipitation system.

Acid precipitation

QOin (kg/d) 1.20e05
Viesset (m°) 100
Dvesser (m) 3.2
HYyesser (M) 11.5

Nr. vessels 2

Nr. parallel lines 2
Dijmpetier/Dyessel 0.6
Dijmpelier (M) 1.9
Piingle impeiter (kW) 4
Second Centrifugation

Oin (kg/d) 1.20e05
Model AC100
Load (L/h) 10000
P (kW) 5.5
Vvessetiaste (m°) 100
Dvesset (m) 3.2
Hyegser (M) 11.5

6.3.1.7 Humic acids drying

The final unit operation in the process is a drum dryer, designed to remove
residual moisture from the extracted HA. The dryer consists of two concentric
cylinders, with saturated steam circulating around the rotating inner drum. Heat is
transferred through the drum wall to the solid material, promoting solvent
evaporation and reducing the moisture content of the product to the target value of
3%.

The thermal demand of the drying process was calculated as the sum of two
contributions: the sensible heat required to raise the temperature of the material to
the boiling point of the solvent (Qsensibie) and the latent heat required for solvent
evaporation (QEvaporation). The total heat duty (Qro) exchanged between the
product and the saturated steam was therefore determined as the sum of these two
terms. Based on this total heat requirement, the corresponding steam flow rate
necessary to sustain the drying operation was calculated.

The total heat exchanged between the biomass and the saturated steam is
given by:

QTot = QSensible + QEvaporation

(6.22)
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Qsensivie = Mu20 * Cpuzo0 = (Tin — Twp)

(6.23)

QEvaporation = Muz0lu20

(6.24)

where My, 1s the mass of heated substance (water, in this case), kg/s; ¢, is
the specific heat capacity of water, J/kg K; T;, is the initial temperature of the
slurry, K; T\ is the temperature of boiling water, K.

The mass vapor required for the process is calculated as follows:

QTot

/1vap

msteam -

(6.25)

The dimensions of the drum dryer were selected based on data provided in an
Andritz technical brochure, which reports standard equipment diameters, lengths,
and typical energy consumption values (Andritz). Using these reference
specifications, an appropriate dryer size was chosen to meet the process
requirements. Finally, the specific energy consumption of the dryer was calculated
with respect to the mass flow rate of the dried product, and the results are reported
in Table 6.11 together with three auxiliary vessels designed for the collection of
powdered humic acids, stream generated during the drying process, and
emergency storage purposes.

Table 6.11 Characteristics of drum dryer employed for humidity removal from HA.

O (kg/d) 30040
Drum Diameter (m) 0.5
Drum Length (m) 0.5

Min Drive power (kW) 4

Max Drive power (kW) 7.5
Average Drive power (kW) 5.75
Msteam (1/) 1.07e04
Ecxiecrriciey (kW) 4.32¢04
Nr. vessel 3
ViessetWaste (1°) 1

Dyesser (m) 0.9
Hyegser (m) 1.5
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6.3.2 Economic analysis

6.3.2.1 Capital cost estimation

After sizing the equipment, the system capital cost was estimated. As shown in
Figure 6.3 Distribution of plant equipment costs., the equipment costs were
allocated across the main sections of the plant: FVW mechanical pretreatment,
dark fermentation, H> purification, anaerobic digestion, CH4 purification, and HA
extraction. The anaerobic digestion section accounted for the largest share,
representing 48 % of the total cost due to the high expense of the digester. Dark
fermentation followed for the same reason. The HA extraction unit ranked third,
contributing 17 % of the total cost because of the numerous machines required for
the process.

Equipment costs

HA extraction
17%

Anaerobic digestion
44%

_Knife crusher
¢ 0%

~ Hydrogen
purification
7%

12%

Dark fermentation
20%

Figure 6.3 Distribution of plant equipment costs.

Table 6.12 presents the results of the total installation cost assessment, which
includes all cost items related to plant installation. The cost of the equipment
alone was calculated to be over 22.6 million euros. When adding expenses for
installation, materials, and contingencies, the total cost of the plant rises to 50.7
million euros. Further inclusion of inventory, start-up costs, and other overheads
brings the overall total installation cost to 60.9 million euros.

This analysis highlights that while the equipment itself represents a
substantial portion of the investment, additional costs related to installation,
auxiliary materials, and operational preparation significantly increase the total
financial requirement. These values provide a comprehensive overview of the
capital needed to establish the plant and serve as a critical reference for evaluating
project feasibility, planning financial resources, and guiding decision-making for
industrial-scale implementation.
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Table 6.12 Results of the calculation of capital costs associated with TSAD and HA extraction plant.

CAPITAL COST ESTIMATION

Bare Module Cost k€ 22558
Installation labour % 24.0% k€ 7962
Buildings, material and labour % 8.0% k€ 2654
Bare Erected Cost k€ 33174
EPC contractor services % 17.5% k€ 5805
Engineering Procurement and Construction cost k€ 38979
Process contingencies % 17.6% k€ 5839
Project contingencies % 15.0% k€ 5852
Total Plant Cost k€ 50670
Start-up cost % 2.0% k€ 1013
Inventory % 05% k€ 253
Financing costs % 2.7% k€ 1368
Other costs, overheads % 15.0% k€ 7600
Total Overnight Cost k€ 60905

6.3.2.2 Operating and maintenance cost estimation

Figure 6.4 illustrates the distribution of direct operating costs for the plant.
The largest single contributor is low-pressure (LP) steam, accounting for 46 % of
the total, which is used in heaters for the thermal treatment of process streams.
This is followed by ordinary maintenance costs at 23 %, chilling water at 12 %
(used in condensers) and operating labor at 15 %. Smaller contributions come
from waste treatment (8 %) and electricity consumption (1%). Waste generation is
primarily associated with the effluent from the HA extraction section. The cost of
raw materials, specifically HCl and KOH, is negligible relative to the other
operating expenses. Feedstock materials, namely FVW and JWW, were treated as
zero-cost inputs, as they are by-products from other processes. This distribution
highlights the dominance of energy-related expenses in the plant’s operation and
underscores the importance of efficient thermal management in controlling overall
operating costs.
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Figure 6.4 Distribution of direct operating costs associated with the production of H,, CO,, CH4 and
HA.

Table 6.13 summarizes the operating costs of the TSAD plant, which includes
32 pieces of equipment. Costs directly associated with production and routine
maintenance amount to 6.5 million euros per year. When additional items such as
supervisory and clerical labor, extraordinary maintenance, laboratory analyses,
and patent costs are included, the Direct Manufacturing Costs increase to 9.34
million euros per year.

Fixed Manufacturing Costs, which are independent of the production rate and
include depreciation, taxes, insurance, and overheads, amount to 8.9 million euros
per year. General Manufacturing Costs, covering administrative, sales, and
research activities, contribute an additional 4.2 million euros per year. Figure 6.5
shows the distribution of the total production costs for the plant. Total Direct
Manufacturing Costs represent the largest single component, accounting for 42 %
of the total costs. Total Fixed Manufacturing Costs contribute a similarly
significant share, approximately 40 % while General Manufacturing Costs (18 %)
remain an important component.

Overall, the Total Cost of Production is estimated at 22.5 million euros per
year. The analysis highlights that fixed and indirect costs collectively represent a
substantial portion of the total expenses, emphasizing their critical role in
determining the economic feasibility and sustainability of the plant. These results
suggest that both operational efficiency and careful management of fixed
overheads are essential for maximizing profitability.

217



Total Costs

Total General
Manufactoring costs
18% Total Direct
Manufactoring costs
42%

Total Fixed /
Manufactoring costs
40%
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Table 6.13 Results of the calculation of operating costs associated with the production of H2, CO2, CHy
and HA.

OPERATING COST ESTIMATION

Pieces of equipment in the whole plant # 32
Operating labor €ly 40000 k€ly 635.47
Electricity €/kWhe 0.15 k€ly 99.94
LP steam €/t 16 k€ly 2960.51
Chilling water €/t 0.2 k€ly 757.28
Utility costs k€ly 3817.73
Frw €/t 0 k€ly 0.00
JWwW €n 0 k€ly 0.00
KOH €/t 244 k€/y 6.85
HCI €/t 34.5 k€ly 2.57
Raw materials costs k€ly 9.41
Waste and disposal €/t 10 k€ly 497.15
Waste treatment costs k€ly 497.15
Ordinary maintenance costs % 3.00% k€/y 1520.10
Operating & Maintenance costs k€ly 6479.86
Scenario % 0.0% Realistic
Raw Materials k€ly 9
Waste Treatment k€ly 497
Utilities k€ly 3818
Operating labor k€ly 635
Direct Supervisory and clerical labor % 18.0% k€ly 114
Maintenance and repairs % 6.0% k€ly 3040
Operating supplies % 0.9% k€ly 456
Laboratory charges % 15.0% k€/y 95
Patents and royalties % 3.0% k€/y 674
Total Direct Manufacturing costs k€ly 9340
Depreciation % 10% k€/y 5067
Local taxes and insurance % 3.2% k€/y 1621
Plant overhead costs % 70.8% k€ly 2274
Total Fixed Manufacturing costs k€/y 8962
Administration costs % 17.7% k€ly 569
% 0.9% k€ly
Distribution and selling costs % 11.0% k€ly 2471
Research and development % 5.0% k€ly 1123
Total General Manufacturing costs k€ly 4163
Cost of Manufacturing k€ly 22465
Total Costs k€ly 22465
Revenues from Products (H2, CH4, CO2, HA) k€ly 25935
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6.3.2.3 Revenue Estimation and Key Financial Indicators

The revenues generated by the plant depend on the annual production rates of the
products and their respective selling prices. H> produced via DF can be positioned
between conventional grey H», obtained from fossil fuels (e.g., steam CHy
reforming), and green H> produced by water electrolysis. Grey H» benefits from
high availability and therefore has a relatively low market price, estimated at 1.29
€/kg (Curcio 2025). In contrast, the selling price of green H» is highly dependent
on the electricity mix of the country considered. In Italy, the current electricity
mix leads to relatively high production costs, with estimated prices reaching up to
10.17 €/kg when wholesale electricity is used (“European Hydrogen Observatory”
2024). Other studies report lower values, around 5.17 €/kg. To provide a balanced
and conservative estimate, an intermediate value of 7.67 €/kg was adopted in this
analysis.

The selling price of biomethane was set at 0.75 €/m?, in agreement with literature
data (Ferella et al. 2019). CO; recovered from the process was assumed to be sold
at 0.08 €/kg, based on current market prices. HA were classified as a product with
applications between fertilizers and soil amendments. Fertilizers are typically sold
at approximately 709 €/t (Y. Li et al. 2020), while soil amendments have a
significantly lower market value, around 43 €/t (L. Lin et al. 2019). An average
value of 376 €/t was therefore selected to represent the selling price of HA.

Based on the estimated annual production of H» (5.706 t/y), CH4 (195026 m’/y),
CO2 (1639 t/y), and HA (253 t/y), the total annual revenue of the plant is
estimated at 25.9 million of euros.

Using these revenues together with the total annual production costs, NPV, PBT
and ROI were calculated. The results of this economic evaluation are reported in
Table 6.14.

Table 6.14 NPV, PBT and ROI values associated with TSAD and HA extraction plant.

NPV (k€) 1262528518
PBT (v) -2.98
ROI (%) -33.55%

The results of the economic assessment indicate that, under the assumptions
adopted in this study, the integrated TSAD and humic acid extraction process
applied to FVW and JWW is not economically feasible. Despite the theoretical
potential of the proposed configuration, the calculated economic indicators do not
support its financial sustainability at the considered scale and operating
conditions.

A major limitation of the proposed process is linked to the intrinsically low Ha
yields typically achieved by DF, which remains a technology with a low TRL.
This limitation is reflected in laboratory-scale experimental results, where H>
production is generally modest. Since DF represents the primary source of
revenue in the proposed configuration, its limited H> yields significantly constrain
the overall economic performance of the system.
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Furthermore, the process is characterized by high capital and operating costs,
especially associated with reactor volumes, gas purification units, thermal energy
demand, and downstream humic acid extraction. These costs outweigh the
revenues generated under the assumed market prices for Ha, CH4, CO>, and HA,
even when optimistic selling prices are considered.

A Hb selling price of 3753 €/kg would result in a positive economic outcome,
with an NPV of 4,000,000 €, a payback time of 12 years, and an ROI of 8.7 %.
However, such a price is clearly unrealistic in practice. This highlights that
improving the efficiency of the process, rather than relying on high product prices,
is essential to achieve economic feasibility.

It should also be noted that several assumptions were required regarding
equipment costs, operating hours, energy consumption, and product prices. While
these assumptions were based on literature and market data, uncertainties related
to scale-up, biological process stability, and market variability further reduce
confidence in the economic viability of the system.

Overall, the present analysis suggests that, in its current configuration and
based on laboratory-scale performance, the proposed TSAD and humic acid
extraction process cannot be considered economically viable. Significant
improvements in process efficiency, particularly in dark fermentation yields, as
well as cost reductions through process simplification, technological optimization,
or alternative valorization pathways would be necessary before real-scale
implementation could be realistically considered.

6.3.3 Life cycle analysis

6.3.3.1 LCA of an integrated biorefinery

As mentioned previously, the LCA was conducted using one year of plant
operation as the functional unit, to evaluate the environmental impact of the
process in terms of climate change (kg CO; eq). The first scenario considered
corresponds to the full plant configuration analyzed in the economic assessment,
including the TSAD section followed by the extraction of HA. Both heat and
electricity consumption were analyzed to quantify their contribution to the total
environmental impacts. In the LCA representation, arrows of varying thickness
were used to indicate the relative magnitude of each contribution (Figure 6.6).
Among the two energy sources, electricity was the dominant contributor,
responsible for 64.7 % of total emissions, corresponding to 8.26 x 10% kg CO; eq
per year out of a total of 1.28 x 107 kg CO eq. Heat accounted for the remaining
36.7 %, corresponding to 4.68 x 10° kg CO; eq per year.

Examining individual stages of the process, the largest contributions to total
impacts were associated with gas purification operations. CHs4 purification
accounted for 38.4 % of total impacts, while CO: recovery following AD
contributed 27.1 %. Drying of HA also contributed significantly, representing
21.1 % of total emissions. Other process steps had lower impacts: CO:
purification after DF accounted for 18.3 % of total impacts, while the alkaline and
acid pretreatments for HA recovery contributed 13.4 % and 14.4 %, respectively.
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The direct contributions of DF and AD themselves were similar, together
accounting for 24.9 % of total impacts.

Overall, these results indicate that electricity consumption and gas purification
steps are the primary drivers of climate change impacts in the plant. In contrast,
the core biological processes, while essential for production, have a smaller direct
effect on total emissions.

To evaluate an alternative and more conventional operating configuration, a
second LCA scenario was analyzed in which the biogas produced from AD was
not purified. This assumption reflects common industrial practice, where raw
biogas is often directly fed to a cogeneration unit for combined heat and power
production rather than being upgraded to biomethane (Aui et al. 2019). All other
process steps, including TSAD and HA extraction, were kept unchanged to ensure
a consistent comparison between scenarios.

As shown in Figure 6.7, the exclusion of biogas purification has a strong
influence on the overall environmental performance of the system, leading to a
reduction of total climate change impacts by approximately 64 % compared to the
reference scenario. This result confirms that gas upgrading operations are among
the most energy-intensive stages of the process and it is associated with high
environmental impacts.

A substantial reduction in electricity-related emissions was observed in this
scenario, with electricity now accounting for only 38.9 % of the total greenhouse
gas emissions. In contrast, heating has become the dominant contributor,
representing 60.8 % of total emissions. Within this category, the purification of
CO; during H> recovery is the most significant source, contributing 51 % of the
overall emissions. This indicates that even when CH4 upgrading is bypassed, H>
purification remains a critical environmental hotspot and a key factor driving the
plant’s climate impact. The drying of HA also represents a notable contribution,
accounting for approximately 48 % of total emissions. The relatively high impact
of this stage is largely due to the energy-intensive nature of the drying process,
which requires significant thermal input to remove moisture from the product.
This highlights the importance of evaluating process efficiency and exploring
potential optimization strategies, such as waste heat recovery or alternative drying
technologies, to reduce the environmental footprint.

Although the removal of biogas purification substantially improves the
environmental profile of the process, the overall emissions remain relatively high.
This outcome indicates that further mitigation strategies are required, particularly
targeting electricity-intensive operations such as Hy/CHs purification and HA
drying. Any efforts to improve sustainability should focus on these two stages, as
they dominate the plant’s climate change impact and offer the greatest potential
for mitigation. Potential improvements could include the integration of renewable
electricity sources, optimization of separation processes, or heat and energy
recovery strategies. Overall, achieving a low-carbon configuration will require
additional process optimization beyond the exclusion of methane upgrading.
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Figure 6.6 Environmental impact, expressed as kg CO: eq/FU associated with TSAD and HA extraction plant.
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Figure 6.7 Environmental impact, expressed as kg CO:z eq/FU associated with TSAD and HA extraction
plant without considering a CH4 purification unit.
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Table 6.15 The environmental evaluation of anaerobic digestion (AD), two-stage anaerobic digestion (TSAD), and digestate conversion. The adopted acronyms are Global warming (GW),
Pyrolysis (PY), and Incineration (INC). FU considered was 1 ton of substrate treated.

Process Biomass Capacity Scale of the Approach  Impact methods Impact Impactful phase Reference
system category
Olive mill Lab-scale. 6.2  Cradle-to- ReCiPe 2016 Manthos et al.
AD wastewater N-A. L grave Midpoint (H) GW 89.3 kgCO2 eq/FU (2023)
Pig slurry . 6 .
Gate-to- CML-baseline 1.16 x 10™ kgCO» Sinsuw et al.
TSAD and cow 10950 t/y 30L Gate 2001 GW eq/FU (2024)
dung
AD: 3.4 x 10 kgCO»
eq/FU
PY: 5.6 x 10* kgCO: Inalegw
AD+PY/ Cradle-to- eq/FU .
INC Food waste 10000 t/y N.A. sate TRACI GW ADIPY: 4.2 x 104 Ok((;%lz Zt)al.
kgCO, eq/FU
AD+INC: 4.1 x 10
kgCO, eq/FU
Industrial Grave-to- ReCiPe 2016 .
_|_
TSAD  FVWHIWW 50000 t/y scale oate Midpoint (H) GW 256 kgCO; eq/FU This study
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6.3.3.2 LCA benchmarking of AD

The environmental impact estimated in this study was compared with results
reported in other studies that investigated AD systems for renewable energy
production. For this purpose, the results were normalized to a different functional
unit, namely 1 ton of treated substrate, corresponding to an impact of 256 kg CO»
eq per FU.

This value was first compared with an environmental assessment conducted
on the anaerobic digestion of olive mill wastewater (Manthos et al. 2023), as
reported in Table 6.15. Although the same LCIA method was adopted, the overall
approach differed substantially. In particular, the referenced study applied a
cradle-to-grave system boundary, whereas the present analysis followed a
different boundary definition. Moreover, the investigated process operated at
laboratory scale, which can significantly influence the results due to non-
optimized energy use and scale-related inefficiencies. In that study, a global
warming impact of 89.3 kg CO; eq per FU was reported. However, it should be
noted that no biogas purification or upgrading stages were included in their
system boundaries, which substantially reduces the associated energy demand
and, consequently, the environmental impact. In addition, the authors employed
an UASB reactor, a technology generally recognized for its higher efficiency and
lower specific energy requirements compared to conventional continuous stirred
tank reactors. This choice likely contributed to the lower emissions reported.
Overall, the comparison shows that differences in system boundaries, operating
scale, reactor technology, and the inclusion of downstream purification steps
strongly influence the estimated environmental impacts. Consequently, the higher
impact observed in this study is mainly driven by energy-intensive gas
purification and product recovery stages, rather than by the anaerobic digestion
process itself.

Significantly lower environmental impacts have been reported by Sinsuw et
al. (2024) and Inalegwu Okopi et al. (2024). The first one investigated an AD
process applied to pig slurry and cow dung at commercial scale, using a reactor
volume of 30 L and an annual treatment capacity of approximately 10950 t/y.
Their LCA followed a gate-to-gate approach and employed the CML Baseline
2001 impact assessment method. Inalegwu Okopi et al. (2024), on the other hand,
presented an LCA of an integrated waste-to-energy system combining AD and
pyrolysis applied to food waste. Four scenarios were evaluated, namely AD alone,
pyrolysis alone, AD coupled with pyrolysis, and AD coupled with incineration.
Although the reactor volume was not specified, the treatment capacity was
reported to be about 10,000 t/y. Their study adopted a cradle-to-gate approach and
applied the TRACI impact assessment method.

Both studies reported GW impacts that are several orders of magnitude lower
than those estimated in the present work, with values ranging from 1.16 x 10 kg
COz eq/FU in the first study to 3.4-5.6 x 10 kg CO2 eq/FU in the second. These
substantial differences can be largely explained by key methodological and
process-related choices. In particular, neither study included biogas upgrading or
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separation of CH4 and CO following AD, as both systems assumed direct
utilization of biogas in cogeneration units. Furthermore, digestate management in
those studies was limited to land application, which typically entails lower energy
and environmental burdens.

In contrast, the present study proposes an enhanced valorization pathway for
digestate through HA extraction, aiming at the production of higher value-added
products. While this approach increases resource recovery and potential economic
value, it also introduces additional processing steps, chemical inputs, and energy
demand, which inevitably lead to higher environmental impacts. Therefore, the
higher GW values observed in this work should be interpreted as a trade-off
between increased product valorization and environmental performance, rather
than as an indication of lower intrinsic sustainability of anaerobic digestion itself.

A final comparison can be made with the emissions associated with the most
widely adopted route for H> production today, namely steam methane reforming
(SMR). The life-cycle environmental performance of SMR has been extensively
investigated and is well documented in the literature. For instance, Spath and
Mann (2000) and Cetinkaya et al. (2012) reported a global warming potential
(GWP) of approximately 11.9 kg CO> eq/kgH>, while Dufour et al. (2009)
reported a slightly lower value of 10.6 kg CO; eq/kgHo.

These reference values are substantially lower than the emissions estimated in
the present study, which amount to 2243 kg CO: eq/kgH». At first glance, this
large discrepancy might suggest a significantly poorer environmental
performance; however, such a comparison must be interpreted with caution.
Indeed, LCA results are highly sensitive to the definition of system boundaries,
functional unit, allocation criteria, and methodological assumptions.

In the case of SMR, most literature studies adopt relatively narrow system
boundaries and typically consider SMR followed by pressure swing adsorption
(PSA) as the sole purification step. In contrast, the system investigated in this
work encompasses multiple processing steps and multiple co-products, including
CHs and humic acids, resulting in a considerably more complex process
configuration. This complexity is associated with higher electricity and thermal
energy demands, as well as additional upstream and downstream operations that
are not usually included in conventional SMR assessments. Moreover, differences
in allocation methods, energy mix assumptions, and treatment of by-products can
lead to variations in GWP estimates of several orders of magnitude. As a result,
direct numerical comparisons between studies employing different LCA
approaches should be regarded as indicative rather than definitive.

Although some of the observed discrepancy stems from differences in
boundary conditions, modeling approaches, and system complexity, the results
underscore the need to improve the process environmentally. Future efforts should
reduce energy use, optimize integration, enhance co-product valorization, and
explore lower-carbon energy sources. Without these improvements, the system’s
environmental impact would limit large-scale implementation.
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7. Conclusion

The depletion of fossil fuels and the urgent need for renewable energy sources
continue to drive research into alternative, sustainable technologies. In this
context, biomass and organic waste have gained significant attention as
renewable, carbon-neutral feedstocks. The integration of TSAD with HA
extraction represents a promising approach to valorize organic waste while
generating energy carriers such as H, and CHa.

In this study, TSAD was applied to a mixture of FVW and JWW to explore the
potential of this underutilized substrate. Thermal pretreatment -effectively
promoted Hz-producing microorganisms during the dark fermentation stage,
allowing the process to proceed without the addition of costly culture media and
supporting the scalability of the system. JWW was successfully processed both
alone and in combination with FVW. Compared to conventional single-stage AD,
TSAD improved CH4 output, confirming that JWW can serve as a low-cost
alternative to commercial sugars in supporting DF and TSAD, in line with circular
economy principles.

The approach was also applied to sugar-rich wastewater from the starch syrup
industry but H> and CHy4 yields remained lower than those reported in comparable
studies. This limitation is likely due to constraints inherent to laboratory-scale
experiments and variability in inoculum composition. Differences in microbial
communities can significantly influence metabolic pathways, underscoring the
need for further optimization of operating conditions and reactor configurations to
improve process stability and enhance energy recovery.

When TSAD was applied to animal-based biomasses such as CM and PS, DF was
ineffective, producing very low Hz yields. This poor performance is attributed to
the inherent presence of active methanogens in animal-derived wastes, which
survived pretreatment and outcompeted Ha-producing bacteria. Consequently, the
focus shifted to single-stage continuous AD for these substrates, investigating
feeding strategies and post-digestion HTH to improve the biodegradability of
recalcitrant lignocellulosic compounds. Intermittent feeding significantly
enhanced CH4 conversion rates and prevented VFAs accumulation, leading to a
more stable and efficient digestion process. Post-digestion HTH and the
bioaugmentation with the hyper-thermophilic microorganism Caldicellulosiruptor
bescii provided short-term benefits in lignocellulose degradation, but prolonged
operation revealed limitations due to microbial washout, kinetic constraints, and
reduced system stability.

Further experiments explored JWW as a water source rather than a sugar source
and tested the addition of biochar in both TSAD stages in the conversion of JWW
and FVW. Overall, biochar did not show a significant effect on DF performance
under the tested conditions. However, in the second-stage AD, while overall CH4
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yields remained similar, the improvement in CH4 concentration suggested that
biochar may enhance biogas quality and downstream energy recovery.
Importantly, TSAD continued to improve CH4 production kinetics without
compromising final yields, demonstrating its potential as an effective alternative
to conventional single-stage AD.

Finally, preliminary TEA and LCA of a TSAD plant fed with FVW and JWW and
coupled with HA extraction were performed. Results indicate that while the
integrated process offers potential for resource valorization and revenue
generation, its current economic and environmental performance is limited by low
H; yields and energy-intensive operations. The additional valorization of digestate
into HA adds value but increases environmental impacts, primarily due to
electricity and heat consumption in purification and drying steps.

Overall, these findings highlight several key considerations for future
development:

1. Dark fermentation optimization is critical, as H> production is currently
the main limitation for both economic viability and environmental
performance.

2. Energy efficiency improvements in gas purification and HA drying are
necessary to reduce operational costs and environmental impacts.

3. Process scale-up and robust sensitivity analyses are required to validate
laboratory-scale results and ensure the feasibility of full-scale
implementation.

4. Targeted substrate selection and pretreatment strategies must be tailored to
suppress competing methanogens and maximize H> yields, particularly
when using animal-based biomasses.

In conclusion, TSAD coupled with HA extraction demonstrates potential for
integrating energy and value-added chemical production from organic waste.
However, further research and optimization are required to overcome current
limitations in H> yields, energy demand, and operational stability before the
process can be considered economically and environmentally sustainable at
industrial scale.
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A. Appendix A

TS, VS and CHNSO elemental composition of the digestates obtained from
DF and AD are reported.

Table A.1 Chemical and physical characterization of digestates from the DF configurations discussed in

paragraph 2.3.2.
G s GM SM GT sT GM SM
T T

TS 6.85 + 3.61+ 5.79 + 501+ 7.03 + 476 £ 6.14 + 417
(%) 0.02 0.84 0.35 0.10 1.30 0.02 4.10 0.23

VS/TS 8271+ 8489+ 8892+ 8940+ 92.67+ 8845+ 89.09+ 84.06=+
(%) 1.78 0.05 4.90 2.82 1.21 4.80 4.90 7.38

N (%) 326+ 307 412+ 3.96 + 3.83 & 3.68 + 343+ 3.66 =
0.27 0.23 0.57 0.01 0.11 0.42 0.39 0.28

C (%) 3772+ 38.07+ 3640+ 3850+ 42.08+ 4056+ 3432+ 36.68+
0.56 1.78 5.07 0.54 1.45 1.36 5.09 0.23

H (%) 575« 4.63+ 427+ 446+ 492+ 441+ 4.06 £ 4.04 £
0.12 0.17 0.21 0.06 0.15 0.29 0.39 0.08

S (%) 035+ 041 + 0.28 + 042+ 025+ 035+ 0.19+ 0.75+
0.02 0.04 0.12 0.04 0.08 0.01 0.11 0.16

0 (%) 5293+ 5384+ 5493+ 5266+ 4892+ 5099+ 5799+ 5487+
0.73 2.23 5.30 0.56 1.79 2.06 5.98 0.74

C/N 11.62+ 1243+ 884+ 972+ 1098+ 11.06+ 10.01+ 10.04+
0.79 0.37 0.01 0.12 0.06 0.89 0.30 0.70

Table A.2 Chemical and physical characterization of digestates from the DF configurations discussed in

paragraph 2.3.3.

SUCR SUCR JWW JWW SUCR_ SUCR_ JWW_ JWW_
A B A B FVYW A FVYW B FVW A FVW B
TS 518+ 498+ 6.01+ 382+ 6.23 £ 5.98 £ 4.84 + 3.55+
(%) 0.52 0.83 0.07 0.02 0.26 0.09 1.20 0.23
VS/T 8556 84.19 8598 8624 90.63+ 9280+ 9224+ 8747+
S(%) =*1.57 +£430 +397 +£3.94 1.36 0.22 0.44 3.25
N 363+ 371+ 399+ 353+ 3.54 £ 3.36 4.77 534 +
(%) 0.12 0.36 0.14 0.21 0.14 0.31 0.14 0.93
C 39.70 40.18 4221 4150 4175+ 4380+ 47.62+ 49.58+
(%) +1.19 =130 =*£036 =+1.34 0.52 1.88 1.93 7.78
H 495+ 533+ 548+ 539+ 570+ 6.13325 5.77 + 595+
(%) 0.45 0.33 0.17 0.06 0.05 +0.09 0.21 0.56
S (%) 429+ 217+ 149+ 1.19+ 094+ 0.85 % 0.74 + 0.84 +
1.40 0.58 0.11 0.19 0.03 0.12 0.04 0.21
(0] 4743 48.61 4685 4838 48.08+ 4585+ 41.10+ 38.29+
(%) +036 +£258 £050 =+1.79 0.40 1.53 2.32 9.48
C/N 1094 10.88 1060 11.76 11.81+ 13.11+ 9.99 + 930+
+0.03 +071 +£047 +£0.31 0.61 1.79 0.12 0.17
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Table A.3 Chemical and physical characterization of digestates from the DF configurations discussed in
paragraph 2.3.4.

JWW _FVW _1:1  JWW FVW 2:1 JWW_FVW.T 1:1  JWW_FVW_T 2:1

TS (%) 5.92 +0.02 6.36 +0.04 5.42 +0.06 5.99+0.17
VS/TS (%) 90.73+2.94  91.80+2.06 92.48 +0.76 94.39 + 0.44
N (%) 3.17+0.06 3.00 + 0.02 3.39+0.02 3.04 +0.08

C (%) 37.05+0.95  39.45+0.84 38.01 +0.25 40.73 £0.23

H (%) 4.67+0.18 4.98 +£0.14 4.54+0.03 5.04%0.11

S (%) 0.73+0.01 0.63 % 0.05 0.67 % 0.02 0.59 % 0.02
0 (%) 5439+ 1.06  51.96 960.02 53.40+0.18 50.60 + 0.24
C/N 11.69+£0.51  13.17+£0.19  11.23+0.014 13.40 + 0.45

Table A.4 Chemical and physical characterization of digestates from the DF configurations discussed in
paragraph 2.3.5.

JWW FVW 1:1  JWW_FVW 2:1  JWW _FVW_T 1:1  JWW_FVW_T 2:1

TS (%) 470 £ 0.43 6.06 +2.22 4.79 +0.02 5.48 +£0.82
VS/TS (%) 88.04+2.94 80.67 = 2.06 80.54 £ 0.76 80.67 + 0.44
N (%) 5.295+0.11 7.18+0.76 6.61 £0.43 6.52 £0.59

C (%) 5779 £8.56  64.86 £9.42 61.07 £ 8.99 64.39 +9.20
H (%) 6.08 = 0.36 6.05+0.33 6.02 +£0.35 5.58+0.3
S (%) 0.81+0.24 1.08 £ 0.08 0.97£0.16 0.87+0.12

0O (%) 30.03£9.28 20.84 £10.59 25.33+£9.93 22.64 £10.26
C/N 10.90 £ 1.40 9.02+0.36 9.24+0.88 9.88 +£0.62

Table A.5 Chemical and physical characterization of digestates from the DF configurations discussed in
paragraph 2.3.7.

OLR 1.8 OLR 3.6 OLR 7.9

TS (%) 1.14+£0.02 2.09+ +£0.33 498 +0.34
VS/TS (%) 96.57+0.15 95.75+1.13 98.12+1.25
N (%) 4.21£0.03 4.14 £0.09 4.02+0.04
C (%) 38.34+0.27 40.37 +3.80 39.90 £1.75
H (%) 4.70 £0.23 4.97+0.35 4.99 +0.09

S (%) 0.70 £ 0.03 0.59+0.07 0.57+0.01
O (%) 47.95+0.50 50.07 £4.00 49.47 +1.89
C/N 9.11+0.00 9.76 £ 1.14 9.92+0.33

234



Table A.6 Chemical and physical characterization of digestates from the DF configurations discussed in

paragraph 3.3.2.
Permeate Retentate Aliment
TS (%) 4.49 £0.82 592+1.48 4.92+0.17
VS/TS (%) 99.1 £0.00 94.43 +0.40 90.32 +£2.24
N (%) 3.03+0.74 3.32+£0.08 3.41+0.13
C (%) 42.37+3.56 39.62 £ 1.62 37.89+£1.20
H (%) 3.60+0.70 4.34+0.56 3.36+0.16
S (%) 0.95+0.26 0.50 £ 0.05 0.70 £ 0.00
O (%) 50.06 +3.26 52.23 £2.05 54.63+1.16
C/N 14.55+4.71 11.94+0.79 11.11+£0.06

Table A.7 Chemical and physical characterization of digestates from the DF configurations discussed in

paragraph 3.3.3.

Permeate Retentate Aliment
TS (%) 1.61£0.82 1.55+1.48 1.99 +0.17
VS/TS (%) 91.7+0.00 94.25 +0.40 9221 +2.24
N (%) 2.48 +0.74 2.64 +0.08 2.79 +0.13
C (%) 24.99 + 3.56 22.61 +£1.62 30.00+1.20
H (%) 2.07+0.70 0.26 = 0.56 331+0.16
S (%) 0.62 +0.26 1.09 £ 0.05 0.62 + 0.00
0O (%) 69.84 +£3.26 73.41 £2.05 63.29+1.16
C/N 10.08 £ 4.71 8.58£0.79 10.75 £ 0.06

Table A.8 Chemical and physical characterization of digestates from the DF configurations discussed in

paragraph 3.3.4.

Permeate Permeate Retentate Retentate Aliment Aliment
6% 3% 6% 3% 6% 3%
TS (%) 4834067 343+0.64 446+132 2.41+141 45‘;; 2(')016;
VSITS 9600+ 9672+ 9497+ 9641+ 9643+ 9722
(%) 0.68 0.35 2.08 251 1.09 0.49
N (%) 3.86+0.19 3.80+0.09 3.85+£029 4.17+0.49 3(.)9;11 4(')2§Ii
Cep 0855 4LR: 3953: 33+ 380l 38622
o 2.82 132 432 9.54 4.60 0.94
H (%) 4.65+042 496+028 478057 433+1.17 4(')727i 4(')8111i
S (%) 0.65+003 0.67+0.04 0.76+0.02 0.91:0.10 0(')9gli 1(‘)();0*
O 000=  48T5E  SL09E  S34TE 234+ 5127=
’ 3.40 1.65 5.15 10.12 5.49 1.24
1058+ 1102+ 1027+ 967+  9.04+
CN 0.21 0.08 035 1336 6 0.21
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Table A.9 Chemical and physical characterization of digestates from the DF configurations discussed in

paragraph 5.3.2.
TH_80 TH_100 TH_120

TS (%) 2.33+0.13 2.09 + 0.20 2.55+0.52
VS/TS (%) 88.44 +5.55 91.61 £2.69 92.12+3.61

N (%) 2.83 +0.59 2.96 £ 0.66 336+ 031

C (%) 37.93 +5.07 34.59+4.61 39.55+2.33

H (%) 524+0.52 3.84 +0.89 4.19+0.61

S (%) 0.45+0.12 0.66 + 0.26 0.55+0.11
0 (%) 53.56 + 6.25 57.95 + 6.40 52.35+3.17
C/N 13.54+£0.95 11.88+1.13 11.82 £0.64

Table A.10 Chemical and physical characterization of digestates from the DF configurations discussed

in paragraph 5.3.3.

DFS0  DF80 Bl  DF100 DF100 Bl SingleAD

TS (%) 263+£0.09 235+0.15 1.90+£0.42 2.08+£0.17 2.11+0.13
VS/TS (%) 95.76+0.06 91.74+0.80 91.52+1.00 90.71+0.85 95.41+0.90
N (%) 323+0.14 223+033 3.62+0.13 1.81 £0.26 3.15+0.23
C (%)  3939£270 23.66+3.64 40.93+1.89 2043+2.09 37.32+ 148
H (%) 507+035 258+£0.70 524+0.22 2.06+0.19 5.07+0.17

S (%) 0.61+0.06 5.70+1.36 0.65+0.04 0.15+0.00 0.52 +£0.04
0O (%) 51.70+3.25 65.84+576 49.57+226 7556+2.54 5394+1.74
C/N 12.19+£0.30 10.59+0.50 11.31+0.24 11.35+0.49 11.88+0.71

Table A.11 Chemical and physical characterization of digestates from the DF configurations discussed
in paragraph 5.3.4.

TH 8 TH 80 Bl TH 100 TH 100 Bl TH_100 B2

TS (%)  2.33+0.13 237+0.04 209+020 243+039  2.64+0.40
VS/TS (%) 88.44+555 82.92+1.65 91.61+2.69 96.17+0.83 95.97+0.99
N (%)  283+0.59 3.04+£008 296+0.66 326+044 3.20+0.36

C (%)  37.93+507 3925+049 3459+4.61 3933+1.13 39.22+4.67

H (%)  524+052 508+031 384+089 449+0.62 4.46+0.46

S (%) 045+0.12 0.65+0.07 066+026 0.55+£0.06  0.53+0.03

O (%) 53.56+625 51.99+0.54 57.95+6.40 5237+1.61 52.59+545
C/N 13.54+0.95 12.92+042 11.88+1.13 12.24+1.76 12.27+0.65
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Table A.12 Chemical and physical characterization of digestates from the DF configurations discussed
in paragraph 5.3.5.

DF80 DF80+B1 DF100 DF100+B1 DF100+B2  SingleAD
2.63 £ 1.80 + 1.90 + 2.68+ 3.06 + 211+
TS (%) 0.09 0.76 0.42 0.25 0.34 0.13
VS/TS 95.76 £ 94.90 + 91.52+ 93.01 + 92.85+ 95.41 +
(%) 0.06 1.95 1.00 0.53 0.77 0.90
323+ 371+ 3.62+ 337+ 3.12+ 3.15+
N (%) 0.14 0.11 0.13 0.13 0.13 0.23
C (%) 39.39+ 4291+ 40.93 + 36.03 £ 36.83 + 3732+
2.70 1.07 1.89 2.29 2.09 1.48
H (%) 5.07 5.59 + 524 + 3.61+ 3.24 + 5.07+
0.35 0.08 0.22 0.28 0.25 0.17
S (%) 0.61 + 0.66 + 0.65 + 0.56 + 0.58 + 0.52+
0.06 0.02 0.04 0.05 0.04 0.04
0 (%) 51.70 + 47.13 + 49.57 + 56.43 + 56.23 + 53.94 +
3.25 1.27 2.26 2.75 2.50 1.74
C/N 12.19+ 11.57+ 1131+ 10.69 + 11.80+ 11.88+
0.30 0.19 0.24 0.27 0.26 0.71

Table A.13 Chemical and physical characterization of digestates from the DF configurations discussed
in paragraph 5.3.6.

TH_80 TH_80_B1 TH_100 TH_100 B1
TS (%) 1.71£0.30  2.03+0.24 1.78 +0.02 1.48 +0.25
VS/TS (%)  93.63+2.52  9451+3.82  97.44+3.52 97.13 + 1.90
N (%) 2.60 £ 0.01 2414009  2.89+0.14 2.67+0.02
C (%) 3520+2.02  37.55+021  38.15+2.33 38.86 + 1.48
H (%) 3.61+0.14  3.76+0.01 3.82+0.23 3.87+0.41
S (%) 0.37 +0.02 0.33+£0.00  0.35+0.02 0.33+0.01
0 (%) 5823+2.13 55954032  54.7942.69 54.28 + 1.86
CIN 13574082 1562051  13.20£0.16 14.58 + 0.67
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B. Appendix B

Caldicellulosiruptor bescii:
Characteristics and Applications in Biomass
Conversion

Recently, depletion of fossil fuels has risen as a global concern arising research on
alternative resources for energy and chemicals production. In this context,
biomass waste has gained interest as raw material for renewable energy
production due to its high content of biodegradable matter. Agricultural residues
are particularly appealing for this purpose as they don’t take part in the “Food vs.
Fuel” dilemma, which considers the issues related to diverting crops for biofuel
production pauperizing the food supply. This conflict arises from the limited
availability of land on Earth to be intended for food or energy crops cultivation
(Muscat et al. 2020). Agricultural residues include crop and plant residues, fruit
and vegetable waste, grass and forest residues, manure and many others (S. R.
Paudel et al. 2017). Among them, manure is an important feedstock due to its
abundancy and relatively high calorific value. On the other hand, its good
management is essential due to its CH4 emissions as well as the contamination of
soil with pathogens (Samoraj et al. 2022). Another interesting biomass waste is
primary sludge which is collected at the bottom of the primary clarifier in
wastewater treatment plants (Sakaveli et al. 2024). Primary sludge has a high
energy content due to presence of biodegradable compounds such as proteins,
carbohydrates, cellulose and other organic material. Cellulose originated from
toilet paper flushed in public sewers and represents 30-50 % of suspended solids
in wastewater (Crutchik et al. 2018). Both agricultural residues and primary
sludge can be employed as substrate for AD but, even though they contain some
easily biodegradable matter, they also contain recalcitrant materials. Agricultural
biomass waste is mostly composed of lignocellulosic compounds which are
refractory to AD due to the cross-linked structure between lignin, cellulose and
hemicellulose. This structure hinders the enzymatic activity during fermentation
(J. R. Kim and Karthikeyan 2021; S. R. Paudel et al. 2017). The cellulosic fiber in
primary sludge is refractory to AD which hinders the complete degradation of the
substrate (Crutchik et al. 2018; B. Liu et al. 2022). Cellulose removal has been
reported to be between 2-99 % depending on different conditions. However, most
of the studies are carried out in batch system, at relatively low cellulose
concentration (less than 10 g/L) and, when continuous system are considered,
solid residence time in the digester was short compared to real cases (Bolaji and
Dionisi 2021).

239



As mentioned before, cellulose is not easy to be degraded due to its high order of
crystallinity which hinder the enzymatic activity of microorganisms. However,
some anaerobic bacteria can effectively grow on cellulose, with an increase in the
substrate degradation with temperature. Among the most thermophilic anaerobic
bacteria, Caldicellulosiruptor bescii (C. bescii) grows at 75 °C at neutral pH (S. J.
Yang et al. 2009). It can ferment cellobiose, crystalline cellulose, pectin, a- and -
linked glucans and xylan producing lactate, ethanol, acetate, CO, and H» as
fermentation products (Yasemin D. Yilmazel et al. 2015). Moreover, unlikely
other species in Caldicellulosiruptor genus, C. bescii was able to degrade
switchgrass demonstrating its suitability for not only simple sugars but also real
plant biomass (Basen et al. 2014). Although it has not been extensively studied
since its discovery three decades ago, in the last 15 years some tests have been
conducted in order to assess C. Bescii suitability in lignocellulosic biomass
solubilization.

Yang et al. (2009) investigated the ability of C. bescii to grow on complex
lignocellulosic substrates in comparison to defined carbohydrates. The bacterium
was cultivated at 75 °C on crystalline cellulose and xylan (5 g/L) in 50 mL serum
bottles, achieving cell densities of 1.5 x 10% and ~1.0 x 10® cells/mL, respectively,
after 20 hours. The primary fermentation products were hydrogen and acetate,
with molar ratios of 2.0 and 1.4 for cellulose and xylan, respectively. These
results were compared with growth on lignin-rich biomass substrates, including
switchgrass and hardwood poplar (5 g/L), under batch conditions in 0.5 L bottles.
Both substrates supported microbial growth comparable to that observed with
cellulose and xylan, with final cell densities of 1.3 x 10%and ~1.1 x 10® cells/mL,
respectively. The major fermentation products were again hydrogen and acetate,
with molar ratios of 0.97 for switchgrass and 1.3 for poplar, which likely reflects
differences in biomass acetylation. However, initial biomass solubilization was
limited, reaching only 26 % for switchgrass and 15 % for poplar. The spent
residues from the first fermentation were used in two consecutive fermentations to
determine whether this was due to substrate recalcitrance. Remarkably, C. bescii
maintained similar growth rates and cell densities, and cumulative solubilization
after 10 days increased to 65.2 % for switchgrass and 36.6 % for poplar. These
results demonstrate the organism’s capacity to progressively solubilize lignin-rich
biomass while producing hydrogen, a promising biofuel.

Kataeva et al. (2013) further evaluated switchgrass solubilization in a 20 L batch
reactor, using the water-insoluble fraction of switchgrass (wWSG) pretreated at
78°C at a concentration of 5 g/L. The resulting cell densities exceeded 10°
cells/mL, consistent with those reported by Yang et al. (2009). The insoluble
residues from each fermentation were reused as substrates in two additional
cultures. After three sequential fermentations, 85 % of the wSG was solubilized,
substantially higher than the 17 % achieved from abiotic incubation, highlighting
C. bescii’s efficiency in deconstructing recalcitrant biomass. Additionally, lignin
metabolism was assessed throughout the fermentation process. The relative lignin
content remained constant, indicating that lignin was solubilized concurrently
with polysaccharides. These findings underscore the potential of extreme
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thermophiles like C. bescii for consolidated bioprocessing of lignocellulosic
biomass into biofuels.

Basen et al. (2014) investigated the growth of C. bescii on high substrate
concentrations in a 10 L batch fermenter. The substrates evaluated included
crystalline cellulose, water-insoluble switchgrass (wSG), and thermochemically
pretreated switchgrass (treated with 0.05 g H2SO4 per g dry switchgrass at 190 °C
for 5 minutes). C. bescii could grow on cellulose concentrations up to 200 g/L,
maintaining cell densities above 10® cells/mL, although pH control was critical to
prevent acidification from lactate and acetate production. Complete cellulose
solubilization was observed at concentrations up to 10 g/L, but efficiency declined
significantly at higher loads, with only 20 % solubilization achieved at 50 g/L.
When grown on wSG at concentrations up to 50 g/L, C. bescii demonstrated the
ability to degrade 27-33 % of the biomass while sustaining cell densities above
10® cells/mL. In contrast, growth on pretreated switchgrass was markedly
inhibited at higher concentrations. While C. bescii could grow at lower
concentrations, its cell density decreased as the substrate concentration increased
from 10 to 50 g/L, likely due to the accumulation of inhibitory compounds
generated during thermochemical pretreatment. These findings highlight C.
bescii’s robust capacity to utilize high concentrations of untreated cellulose and
wSG, but also its sensitivity to pretreatment-derived inhibitors.

Zurawski et al. (2015) further examined the degradation of cellulose and
unpretreated switchgrass by three species of the Caldicellulosiruptor genus: C.
bescii, C. kronotskyensis, and C. saccharolyticus. Batch cultures (50 mL) were
incubated with 5 g/L of switchgrass at 70 °C for 7 days. All three species achieved
cell densities exceeding 10® cells/mL. However, C. saccharolyticus exhibited a
slower growth rate, requiring approximately 250 hours to reach this density
compared to the ~200 hours needed by C. bescii and C. kronotskyensis. Cellulose
solubilization efficiencies were highest in C. bescii and C. kronotskyensis,
reaching 77.1 % and 71.7 %, respectively, while C. saccharolyticus achieved only
58 %. A similar trend was observed for switchgrass solubilization: C. bescii and
C. kronotskyensis solubilized 40.3 % and 39.6 %, respectively, whereas C.
saccharolyticus reached only 23.5 %, marginally higher than the abiotic thermal
solubilization control (19.6 %). These results suggest that C. saccharolyticus has
limited efficacy in biomass degradation while C. bescii demonstrated superior
performance in both cellulose and lignocellulosic biomass solubilization,
reinforcing its potential as a key organism for the bioconversion of recalcitrant
substrates and enhancement of biofuel production processes.

C. bescii was also applied to the fermentation of wastewater biosolids in the study
by Yilmazel et al. (2015). Batch fermentations were carried out in 30 mL serum
bottles at 78 °C for 15 days, and performance was compared to fermentations
using crystalline cellulose. Additionally, co-digestion of biosolids with cellulose
was evaluated. Biosolids were tested at concentrations of 5, 2.5, and 1.25 gvs/L,
and the production of hydrogen, lactate, and acetate was monitored. At the highest
concentration (5 gvs/L), biosolids caused complete inhibition of hydrogen
production. At 2.5 gvs/L, inhibition persisted but was less severe, with hydrogen
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detected in both biosolids-only and co-digestion configurations. When biosolids
were reduced to 1.25 gvs/L, the inhibitory effect was minimal, and hydrogen
production was comparable between cellulose-only and co-digested systems.
Notably, the maximum hydrogen yield from biosolids alone reached 98.5 mL/gys,
a value considered high relative to other reports in the literature. Regarding
organic acid production, lactic acid was not detected when biosolids were
fermented alone. In contrast, both lactic and acetic acids were produced in
cellulose-containing setups, with acetic acid concentrations peaking at 8.5 mM in
the 1.25 gvs/L biosolids co-digestion condition. These results suggest that
biosolids are a suitable substrate for hydrogen production by C. bescii at
concentrations below 2.5 gvys/L, offering high yields and the potential for efficient
waste valorization.

The performance of C. bescii was also compared with Clostridium thermocellum
and Caldicellulosiruptor obsidiansis in the fermentation of dilute acid-pretreated
poplar (Yee et al. 2015). The substrate (5 g/L dry biomass) was added to 2 L batch
reactors. C. thermocellum operated at 58 °C, while C. bescii and C. obsidiansis
were cultured at 78 °C. The pretreated substrate was predominantly composed of
glucan derived from cellulose (600 mg/g dry biomass). Glucan content was
reduced to 25 %, 10 %, and 16 % of the initial value by C. thermocellum, C.
obsidiansis, and C. bescii, respectively. Although C. thermocellum achieved
slightly lower overall glucan removal, it exhibited a shorter lag phase and a faster
hydrolysis rate. All three organisms effectively hydrolyzed the dilute acid poplar,
each offering unique advantages for biomass conversion.

In another study, C. bescii was evaluated alongside C. saccharolyticus in the
fermentation of lignocellulosic garden waste (Abreu et al. 2016). Batch
fermentations were conducted in 160 mL bottles at 70 °C for 15 days. Co-
cultivation of C. bescii and C. saccharolyticus led to improved process
performance compared to monocultures, enhancing both stability and tolerance to
elevated hydrogen partial pressures. The highest hydrogen yield was achieved
with the co-culture (98.3 L/kgvs), surpassing the yields from C. saccharolyticus
(82 L/kgvs) and C. bescii (84.6 L/kgys) alone. This enhanced performance was
associated with increased acetate production relative to lactate in the co-culture.
The study demonstrates the synergistic potential of mixed cultures in improving
lignocellulosic biomass conversion and biohydrogen production.

Traditional and genetically modified switchgrass were fermented using C. bescii
in 60 mL batch cultures incubated at 70 °C for 12 days. The genetically modified
(transgenic) switchgrass contained a lower lignin content compared to the wild-
type variety. Both raw and hydrothermally pretreated substrates (treated at 180 °C
for 25 minutes) were tested at a concentration of 5 g/L. Across five different
switchgrass types, hydrothermal pretreatment consistently enhanced carbohydrate
solubilization, with increases ranging from 1.3- to 3.7-fold. The highest degree of
solubilization (50 %) was observed for hydrothermally treated, field-grown, non-
transgenic switchgrass. This substrate also supported rapid cell growth and high
C. bescii cell density. Despite its higher lignin content, the unmodified
switchgrass was efficiently fermented, underscoring C. bescii’s capacity to

242



degrade recalcitrant biomass. These results also confirm that hydrothermal
pretreatment facilitates microbial accessibility and conversion of lignocellulosic
substrates (Zurawski et al. 2017).

The effectiveness of C. bescii was further investigated in combination with
methanogens for anaerobic digestion of birch biomass. Birch was pretreated via
steam explosion (210 °C, 10 minutes), and C. bescii was introduced into the AD
culture at concentrations of 2 %, 5 %, 10 %, and 15 % (v/v) to assess its impact on
biogas production. Batch digesters (70 mL working volume) were incubated at
62 °C for 50 days with a substrate-to-inoculum ratio of 2:1 on a volatile solids
basis. The highest methane yield (197 mL/gvs) was achieved with the addition of
2% C. bescii, although variations between different dosages were minimal. This
yield was slightly higher than that from pretreated birch without C. bescii, while
unpretreated birch yielded only 81 mL/gvs. These findings demonstrate that both
steam explosion and the addition of C. bescii enhance methane production by
improving biomass degradability (Mulat et al. 2018).

In a separate study, traditional and genetically modified poplar lines (with reduced
lignin content) were again tested to evaluate C. bescii’s capacity to degrade
recalcitrant biomass. Fermentations were performed in 150 mL bottles at 65 °C
using 5 g/L. of substrate. A sharp contrast was observed in solubilization: while
traditional switchgrass showed 20-25 % solubilization, the transgenic lines
exhibited over 90 % solubilization of both total mass and carbohydrates. These
results highlight the synergistic effect of lignin-reducing genetic modifications
and C. bescii fermentation in achieving high biomass degradation efficiencies
(Straub et al. 2019).

C. bescii was also applied to animal-based substrates in a study by Yilmazel and
Duran (2021), which investigated its activity on cattle manure (CM). Six
combinations of substrates were tested in 30 mL batch cultures at 78 °C for 15
days: (1) CM + biosolids + switchgrass, (2) CM + switchgrass, (3) CM +
biosolids, (4) biosolids + switchgrass, (5) CM alone, and (6) switchgrass alone.
Hydrogen production in these configurations was 15.0, 11.2, 12.8, 10.7, 9.2, and
6.6 mM, respectively. The highest yield was obtained from the mixture of all three
substrates, comparable to yields from crystalline cellulose fermentation. No clear
synergistic effect was detected among the three biomass types. Notably,
fermentation of cattle manure alone yielded 82.5 mL/gvs of hydrogen which was
1.1 to 36 times higher than values typically reported for conventional dark
fermentation processes. These findings reaffirm C. bescii’s effectiveness in
degrading both plant-based and animal-based lignocellulosic materials.

All the studies discussed so far have examined Caldicellulosiruptor bescii in
systems ranging from 30 mL to 20 L, which can be categorized as laboratory
scale. Hansen et al. (2021) expanded on this by investigating C. bescii
fermentation at laboratory, bench, and pilot scales. The primary objectives were to
identify challenges in scaling up the process and to assess the impact of C. bescii
fermentation prior to anaerobic digestion on biogas yield enhancement.

In the lab-scale setup, two 1L pre-digestion reactors inoculated with C. bescii
(75 °C, retention time = 4 days) were connected in series to a 10 L anaerobic
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digester (37 °C, retention time = 12 days). The substrates tested were waste
activated sludge (WAS) and anaerobically digested WAS (DWAS). Volatile
suspended solids were reduced by 52 % and 69 %, respectively, demonstrating the
effectiveness of C. bescii in substrate solubilization.

At the bench scale, a batch configuration included two identical systems, each
consisting of a 30 L C. bescii fermenter (75 °C, retention time = 3-5 days) and a
60 L AD vessel (37 °C). Substrates included WAS, dairy manure, giant king grass
(stems and leaves), grass clippings, green waste, grass silage, and corn mash. A
second test focused solely on manure using a 2-day retention time in the
fermenter. Across all tests, methane and biogas yields increased by an average of
95 % and 87 %, respectively, compared to control systems. In the manure-specific
trial, biogas production doubled, and the methane content increased by 10 %,
likely due to elevated acetate levels in the effluent from the C. bescii fermenter.
Volatile solids reduction was also improved, with 44% reduction in the C. bescii
system versus 24 % in the control.

In the continuous pilot-scale system, C. bescii fermentation was carried out in a
1875 L fermenter (75 °C, retention time = 2-4 days), followed by a 1875L
continuously stirred tank reactor (CSTR, 41 °C, retention time = 4-8 days) and a
1875 L induced bed reactor (IBR, 37 °C, retention time = 4-8 days) for AD. Dairy
manure was the feedstock for this process. The impact of C. bescii on biogas
production was measured via VS reduction, which was 19 % and 5 5% higher for
2- and 4-day fermenter retention times, respectively, compared to the control.
COD reduction was marginal for the 2-day retention time but increased by 15 %
at 4 days. Corresponding biogas yields were significantly enhanced, increasing
from 493 to 584 L/kgvs and from 283 to 493 L/kgvs for 2- and 4-day
fermentations, respectively, relative to the control.

Across all scales and substrates tested, the integration of C. bescii fermentation
consistently enhanced biogas production and methane content. These
improvements are attributed to the production of acetate and lactate by C. bescii,
which serve as favorable intermediates for methanogenesis. In the specific case of
cattle manure, C. bescii enabled greater volatile solids degradation and biogas
yield.

Overall, the literature demonstrates the beneficial role of C. bescii in the
fermentation of recalcitrant biomass. This thermophilic bacterium produces
enzymes capable of breaking down lignocellulosic materials, resulting in a
gaseous phase rich in hydrogen and a liquid phase enriched in acetate and lactate,
both of which enhance subsequent anaerobic digestion and energy recovery.
Given these considerations, C. bescii is a valuable bacterium for waste
stabilization, solubilization of recalcitrant biomass, and hydrogen production,
while also minimizing contamination from hydrogen-consuming microorganisms.
Although its potential has been recognized, relatively few studies have
investigated its performance on real lignocellulosic waste materials. C. bescii is
known to utilize a broad range of carbon sources, including crystalline cellulose,
and has also demonstrated the ability to degrade actual biomass waste such as
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switchgrass and cattle manure. However, research on the kinetics of C. bescii
remains limited.

Bacterial growth is generally influenced by substrate availability and follows a
non-linear relationship described by the Monod equation:

_ (5]
l’t umax ks + [S]
(B.1)

where u is the net specific growth rate (gvss/gvss d), tmax 1 the maximum specific
biomass growth rate (gvss/gvss d), ks is the half velocity constant (g/m?), and /S]
is the substrate concentration (g/m?). This model is based on 5 assumptions: when
the maximum growth rate is reached, the addition of substrate will not influence
this value; at low substrate concentration, the growth rate depends on substrate
concentration; the model is not valid when there is substrate inhibition; it is
ignored the need of substrate for cell maintenance during stationary phase; kinetic
does not take into consideration the lag, stationary and death phase (Owoade et al.
2025).

Concerning the kinetics of C. bescii, and within the framework of the Monod
equation, some data are available on specific growth rates (Umax) and doubling
times, the latter defined as the time required for a microbial population to double
in size. Reported pmax values (in h™) are 0.67 for glucose, 0.57 for cellobiose, 0.24
for C5 xylose, 0.43 for xylan, 0.40 for crystalline cellulose, 0.34 for unpretreated
switchgrass, and 0.37 for pretreated switchgrass. Doubling times have also been
reported for crystalline cellulose and unpretreated switchgrass, at 1.7 and 1.9
hours, respectively (Poudel et al. 2018). As substrate complexity increases,
specific growth rates tend to decrease, as expected. Additionally, the growth rate
on unpretreated switchgrass is slightly lower than its pretreated counterpart.
Although the available data are consistent, comprehensive kinetic studies on C.
bescii remain limited, leaving a promising area for further investigation.

An additional research gap concerns the transition from batch to continuous C.
bescii fermentation systems. This shift is particularly important for the design of
large-scale processes, where continuous operation is essential to maintain system
stability. In C. bescii fermentation, substrates are converted into a hydrogen-rich
gas phase and volatile fatty acids (VFAs), which can lead to a decline in pH.
Since C. bescii requires a neutral pH for optimal growth, the accumulation of
acids can inhibit microbial activity if not properly controlled. Therefore, the
system's buffering capacity becomes a critical parameter for efficient substrate
conversion. A continuous configuration can help manage this challenge by
facilitating the removal of VFAs, thereby optimizing the interaction between
microorganisms and the substrate. Within this context, HRT emerges as a key
variable, as it influences both the flow rates within the reactor and the fluxes of
metabolites (Santhosh and Mohan 2025).

To date, most studies employing C. bescii have relied on batch configurations,
ranging from small- to bench-scale setups. The only reported continuous system
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was presented by Hansen et al. (2021), who tested C. bescii fermentation at pilot
scales. In the experiment, cattle manure served as the substrate, and a higher VS
reduction was observed following C. bescii treatment. However, the retention
time in the digester proved to be a crucial parameter, as it significantly influenced
the microbial metabolism of the manure. For optimal performance, the retention
time must be sufficient to allow C. bescii to remain in an active growth phase,
thereby enhancing metabolic and enzymatic activity. In Hansen’s study, the
fermenter retention time ranged between 2 and 4 days. At 2 days, microbial
washout likely occurred, whereas at 4 days, C. bescii reached the stationary phase,
limiting further metabolic activity. These findings suggest that an optimal HRT
for efficient manure fermentation lies between 2 and 4 days.

These results contrast markedly with those from bench-scale batch tests, where
retention times ranged from 15 to 20 days. This highlights the significant impact
of system configuration on time-related parameters and underscores the
importance of carefully selecting appropriate retention times during scale-up.
Another critical factor is the interdependence between the retention time in the
fermenter and that in the subsequent anaerobic digester. Because these parameters
are tightly linked, adjustments in one necessitate corresponding changes in the
other to ensure effective VS removal. Neglecting this interdependence can result
in either overfeeding the anaerobic digester, potentially overwhelming the system,
or underfeeding it, which would prevent methanogenic microorganisms from
maintaining growth and activity due to insufficient substrate availability.

Based on the results obtained so far, several challenges have emerged regarding
the integration of C. bescii into mesophilic anaerobic digestion systems. Much of
the existing research has focused on the isolated application of C. bescii for the
degradation of lignocellulosic biomass, such as switchgrass or poplar. While some
studies have demonstrated its capacity to efficiently degrade these recalcitrant
substrates, the complexity of the biomass has led researchers to propose sequential
fermentation strategies to better manage refractory compounds (S. J. Yang et al.
2009; Kataeva et al. 2013). However, complete solubilization of the substrate has
not been achieved; the highest reported solubilization of the water-insoluble
fraction of switchgrass reached only 85 % (Kataeva et al. 2013). Implementing a
system requiring multiple fermenters would add significant complexity and cost
compared to conventional anaerobic digestion processes.

Another key challenge in C. bescii-based biomass fermentation 1is the
accumulation of VFAs in the liquid phase as a result of microbial metabolism.
Alongside hydrogen production, VFAs are generated during biomass conversion,
leading to pH reduction. This acidification can inhibit microbial activity and
potentially cause process failure if not properly controlled (Basen et al. 2014).
Additionally, substrate concentration can influence C. bescii growth, as certain
feedstocks may contain inhibitory compounds. For instance, biosolids fermented
at various concentrations showed that hydrogen production by C. bescii only
occurred at concentrations below 2.5 g/L, with peak production observed at 1.25
g/L. These findings were attributed to the toxic effects of biosolids, likely due to
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the presence of heavy metals and antimicrobial agents (Yasemin D. Yilmazel et
al. 2015).

Currently, many of the challenges in implementing C. bescii within anaerobic
digestion systems arise from the limited scope of fermentation studies,
particularly with respect to substrate diversity and operational conditions. While
crystalline cellulose and switchgrass have been frequently studied, substrates such
as manure and primary sludge remain largely unexplored in the context of C.
bescii metabolism.

Several studies have explored the use of C. bescii as a first-stage fermenter in a
process analogous to two-stage anaerobic digestion. In this configuration, the
substrate is initially fermented by C. bescii and subsequently fed into an anaerobic
digester for methane production. Hansen et al. (2021) investigated this process
across three different scales using various substrates. Overall, C. bescii
fermentation was shown to positively influence methane yields, primarily through
the release of acetate, a key precursor in methanogenesis. However, the lack of
consistency in substrate choice across the lab-, bench-, and pilot-scale systems
limits the ability to perform a proper scale-up analysis. Moreover, the pilot-scale
experiments operated under continuous conditions, while the bench-scale setup
was batch-operated and the lab scale was in semi-continuous mode, complicating
any time-based comparisons.

In continuous systems, retention time was found to be a critical factor in
maintaining C. bescii activity. Despite this, other important aspects, such as the
fate of C. bescii in the downstream anaerobic digester, were not fully explored.
Since a portion of the fermenter effluent containing C. bescii is transferred to the
digester, understanding its interaction with the native methanogenic community is
essential. Mulat et al. (2018) examined this interaction and demonstrated C.
bescii’s role in enhancing methane production. Although microbial community
analyses failed to detect C. bescii in the bioaugmented reactors, its beneficial
impact was evident. When C. bescii was added at a concentration of 2%, methane
yields improved; in contrast, higher concentrations or complete absence of the
bacterium showed no such enhancement. In the optimal configuration, the
microbial community was dominated by hydrogenotrophic Methanothermobacter
and hydrolytic Caldicoprobacter, suggesting that C. bescii may have facilitated
the development of a highly efficient microbiota capable of degrading recalcitrant
biomass. Although C. bescii’s presence appeared to influence community
composition, its persistence within the system remains unclear. The authors
suggested that C. bescii remained active for approximately nine days before being
surmounted by indigenous microorganisms. These findings indicate that C. bescii
can survive temporarily within anaerobic digesters and contribute to improved
substrate degradation during that period.

Based on the preceding assumptions, integrating C. bescii into anaerobic digestion
systems could potentially optimize CH4 production from both primary sludge and
digested cattle manure, where unconverted recalcitrant biomass remains a limiting
factor.
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