Ministero dello

sviluppo economico \ ,c cas

Cassa per | serviz
energetict ¢ ambientah

RICERCA DI SISTEMA

Piano triennale 2019-2021 della Ricerca di Sistema Elettrico Nazionale

Progetto

MODSEN

MODel of Saving electric ENergy from organic waste fermentation

Lead Partngr: . l. ‘l/" a2 UNIVERSITA e
Gruppo Veritas - Green Propulsion Laboratory {75 pecu Stun n _
Partners: \EMTAS &u pIPwos | eeen.. Universita

: P ' Ca'Foscari
Universita Ca’ Foscari Venezia GREENPROPULSIONLAB Venezia
Universita degli Studi di Padova RmBental niormatica

Fondazione Ca Foscari/ 9-Tech/ RCV Impianti



OBJECTIVES OF THE PROJECT

Develop and validate the microbiological production of hydrogen from
wastewater and organic waste

Optimize the process at laboratory scale in order to transfer it to pilot
scale (TRL 7)

Integrate and improve the hydrogen separation, storage, and energy
conversion chain

Assess the energzl) and environmental sustainability, as well as the
industrial replicability, through energy analysis and LCA
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Dark fermentation

C¢H1,0s + 2H,0 — 2CH;COOH + 2CO, + 4H,
Organic wastes— Substrate, fonte di glucosio
sewage sludge— Inoculum, source of bacteria

Other products of the process: CH,, H,S, H,O
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Hydrodynamic Cavitation for Sludge/Biomass Treatment

R - B =

Implementation of a hydrodynamic cavitation system in the substrate pretreatment
line.

Due to the poor homogenization of the two substrates and to increase nutrient
bioavailability, hydrodynamic cavitation was tested in order to improve
homogenization of the treatment mixture.
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Design and Start-Up of Fermenters: 400 liters
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The gas generated from the fermentation of market waste and civil
sludge undergoes a first purification stage.
This stage includes:
1.Activated carbon filtration:

sreduction of water content;

sremoval of contaminants such as H2S, VOCs and siloxanes.
2.Deoxygenation system (Deoxo):

sremoval of molecular oxygen from the gas mixture;

sreduction of safety risks during compression.
After purification, the gas is dehumidified and deoxygenated, making it
suitable for the pre-compression stage.

desolforatore




Desulfurization Process

The desulfurization process removes
contaminants such as:

*H2S

*VVOCs

*Siloxanes

The process prevents catalyst poisoning and
protects the deoxygenation catalyst.
Removal occurs through adsorption on
activated carbon arranged in two layers.




Deoxygenation Process

The deoxygenation process removes
oxygen from the gas stream to prevent
combustion risks.

Oxygen reacts with hydrogen to form water
using a palladium catalyst.

The catalytic bed is designed to guarantee
adequate residence time.

ouT

deossigenatore



Hydrogen storage set up

1° stadio compressione
da0ad4bar

2° stadio compressione
da4a30bar
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H2 puro al 99,9999%




Hydrogen Separation

Physical separation of CO2

PDMSXA-10 polymeric membranes
were selected for initial tests.
Advantages:

*good gas permeability;

~effective H2/CO2 separation;
*lower cost than metallic or ceramic
membranes;

soperational simplicity.




Chemical separation of CO2

Chemical adsorption using potassium carbonate: k2c03 + c02 + HO >2KHC03




PEM fuel cell, HyPMTM HD 30

«dry hydrogen fuel (299.98%);
enominal power: 33 kW,

*peak efficiency: 55%;

soperating temperature range: -10°C to
55°C.




SOFC technology was investigated in order to
reduce the need for deep gas purification.

A Ni-YSZ anode was prepared through wet
impregnation of NiO on commercial 8YSZ powder.
Performance was tested under:

*10% H2 — 90% Ar;

*10% H2 + 20% CO2 — 70% Arr.

Results:

*CO2 reduced power output by about 8% at 900°C;
at lower temperatures (600-650°C), the effect
became beneficial.
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solenoid valve

+—— anchor-style agitator

temperature probe  —— [7 l?ﬂ
headspace G +——— pgasometer
heating pad ——

pressure sensor ————* C)

sampling port

inlet/outlet T e
8 - FVW SB +«—— sampling bag
inoculum

Test duration: 43 d

Volume: 4L

HRT:3.0d

OLR: 12 + 1 kg, m=3d?

pH: 5.5- controlled

T:37°C

Feeding: 1 Ly, d+ 270 g;,, d (5 days/week)




Specific Production (NL kgpys™)
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Gas composition (%)
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Test duration: 45 Giorni

Volume : 350 L

HRT: 17.5d

OLR: 1.0 £ 0.1 kgp, m3d

pH: not controlled

T:37°C

Feeding: 15 L, d* (5 days/week)

pH: ~ 7.7
SGP: ~ 500 NL kgqys
SMP: ~ 350 Ny, kgrys
%CH,: ~ 65.4 %
GPR: ~0.394 NL L
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65.000 ton/y

Dark
Fermentation

10 m3 of H2 for
ton of waste

Anaerobic
Digestion

&

70 m3 of
CH4 for ton
of waste

Anaerobic
Digestion

60 m3 of CH4
for ton of
waste




What we did ...

Simulations

Biomass Elemental

Composition

Fermentation

reactor

Pretreatment

DF and PF

Acidic and
Enzymatic
hydrolysis

Protein DF

Hemicellulose

DF




System Overview:

Pretreatment (Mechanical +

Chemical) Carbon Capture Unit

] * Hydrogen Storage

Fruit waste J - Q > . SOFC

Dark & Photo fermentation




Biomass Characterization: Methodology & Key Results

300000 random mixture generated.

= Glucose

2,55%

= Cellulose

Conversion to Representative

Species (% mass)

7,78%

= Hemicellulose Lipids

= Proteins

= Ash

Speci CHON Composition
pecies

CHON (% mass)

2,20%

6,70%

aC »nH =O =sN




Chemical Pretreatment: Acid Hydrolysis, Solid Washing & Enzymatic Hydrolysis

3.3% glucose increase
100% Hemicellulose conversion

*  90% conversion of cellulose into glucose.

*  27% increase in glucose

Mechanical
Pretreatment

Solid wash

Acid Hydrolysis

b
| enzymatic hydrolysis
reactor

*  98.5% glucose recovery

* Sends Cellulose to the enzymatic hydrolysis reactor

Fermentation
reactor

Overall: 29.7 % glucose increase and full Hemicellulose conversion into fermentable sugars




1. Biomass Elemental Composition

Data

t[)etailed Composition of Vegetables Used as Substrates

Component Onion | Tomato | Apple Citrus Fennel | Eggplant | Lettuce
(%) Fruits
Water 85-89 93-95 84-86 86-91 90-93 92-94 94-96
Carbohydrates | 8-10 34 12-14 8-10 4-5 4-5 2-3
Sugars 57 2-3 10-12 7-9 34 2-3 1-2
Fibers 1.5-2 1-2 2-3 1-2 2-3 2-3 1-2
Proteins 1-15 0.8-1.2 0205 |07-1.1 |[1-15 1-15 0.5-1
Lipids 0.1-0.2 | 0.2-05 0.1-03 |0.1-03 |[01-03 |0.1-03 0.1-0.2
Ash 0.5-1 0.5-1 0305 |04-06 |0.81 0.5-0.8 0.3-0.5
(Minerals)
Organic Adids | Trace 0.2-04 0.2-0.5 |0.5-1 0.1-0.3 |0.1-0.3 0.1-0.2
Detailed Chemical Species and Percentage Range
Class Main Chemical Species Range (%)
Carbohydrates Glucose, fructose, sucrose, | 40-70% (of total
cellulose, pectin carbohydrates)
Sugars Glucose (3-5%), fructose (2- | Part of total carbohydrates
4%), sucrose (1-2%)
Fibers Cellulose (60-80%), 1-3% (fresh weight)
hemicellulose (10-20%),
lignin (5-10%)
Proteins Amino acids (glutamic 1-2% (fresh weight)
acid, leudine, serine)
Lipids Linoleic acid, oleic acid, 0.1-0.5% (fresh weight)
palmitic acid
Minerals Potassium, calcium, 0.3-1% (fresh weight)
phosphorus, magnesium
Organic Acids Citric acid, malic add, 0.1-1% (fresh weight)

tartaric acid, acetic acid,
butyric acid.

carbohydrates: Cellulose + hemicellulose + lignin + glucose




1. Biomass Elemental Composition

Python 10000mixture.py




1. Biomass Elemental Composition

Python Results, 1%t sheet

Apple

Onion | fggpiantl Tomato I

Citrus ILeftuce [ Fennel [lbuhydﬁt[ Sugars [ Fibers [ofeiﬁslllaiipiasl(la\dﬁ'(Miﬁera{lgaﬁ'icﬁ\cid Glucnse‘Céliﬁloseémi't:ellﬁin[ Li'gniﬁ ‘Pmtmns‘lnolewacJ Ash |Cifriéa§idlﬁceticaéi[‘

i [ 4p9 [ ops [ ney

| 151979
| 38521
| 10320
| nm

| BB
728
6.067
0
| 137102
| 11459
0

16.3637
L2678
84286

32.9002

0
26,682
0

0
0.6362
474552
0

0

254931

11.6513

46.3384

0
9.9246
0

18.6735
20.215
154701
16.0902
0
17.5833
0

100
14.2402
0
45.6136
35.0443
13.4539
32.088
33.0725
17.014
213412
28.9754

20,3364
21.0366
125378
2394
100

34464
1.8213
20.3892
0
4.0452
45.5343

170
22.5084
10.1317

0

0
26,7037
0

0
14.1268
0
54,3804
35.0134
14738
1.2203
0
25.07%
315216
17.9819

12.6552
0
34685
0

0
29.0309
0

0
18.9641
52,5448
0

0
4.3255
.83
0
8.8441
9.8852
0

14,8292
0
35,1358
35.8763
0

0

100

(=]

29.408

===

245554
6.27711
0
35,3522
11,6553
715084

74.81039 5152777
80.77058 6191932
TLI0601 49.45834
75.8544 5269001
59.32203 37.07627
73.72483 5496047
63.82979 37.23404
66.17647 33.08324
76.57331 5417715
1380777 5245365
7450784 55.2325
8103088 61.93087
78.65481 5736902
L3467 46.38005
7351688 50.20649
73.14518  53.41048
76.87028 56.77813
67.16134 4409141

23.28263
18.85126
2.4741
23.20439
204376
20.76435
26.39574
33.08524
22.39616
23.33412
19.67534
19.10002
21.28579
25.95462
23.71039

217347
20.09215
23.00933

12.06113
1.808107
12.38106
12.29364
16.94915
12.11482

17,7305
18.38235
10.63477
13.40174
11.42529

8.06457
10.28038
13.96606
13.88725
1129305
10.58386
14.849%

2622173
2240518

25534
2039409
5.932203
2062017
2836879
2941176
2.244482

203617
2156431
1879914
1951444
2528111
2406774
2.221036
214378
3.712415

7915967 2350234 5214929
5349212 3.831582 6198735
8.636043 3.223548 510296

8.0852 1687349 52.84336
12.71186 5.084786 3730331
6.756449 3.341887 57.10855
12,7653 2.836879 37.81012
9.558024 2941176 3493822
7047109 3.500324 55.16765
7.684412 1069303 51.52214
6.128757 5381648 56.62977
4912442 4112192 63.43197
6.822638 2.230067 58.58093
7975072 235597 47.59059
8.306987 1482112 50.78676
7317699 4021036 54.63787
6.4170% 4.004389 57.07824
9.510432 4765834 45.24383

16.34724 3.938671
13.22788  3.75621
15.7601 3.826078
17.92814 3.602094
17.46008 2.646736
13.63235 2697152
2095853 3.126781
2164439 568539
16.69317 2.932779
18.25846 4403137
1244006 4018726
13.04309  2.36616
13.52076 4.287201
18.80339 3.724519
16.39611 4.720729
16.33028 2.320736
14.83547 3.230318
14.71029 4370235

2051359

177802
L2357
1441893
1239187
L33ma27
L374744
1976319
1291411
2053657
1184303
1329871
1415007
1.858193
1711822
1285101
1.603%%
1978642

12.20661
7.816686
13.2903
12.33082
17.14529

12,5884
18.00482
19,4214

108292
13.16375
1171432
8.260042
10.43817
14.26305
14.04775
1153461

10.6398

15.2381

2.653302
212979
2.634447
2043577

6.00085
214264
2880771
3.107398
2.185517

2.00001
2.110985

192548
1.992668

258307

243459
2172076
2.133607
3.809443

8.011449
5335089
8.910368
8.109653
12,8389
7.020368
12.96347
10.09304
7.175343
1347947
6.283844
5031512
6.366826
8.145088
8.4023%
7483863
6.451015
9.759011

1.310739
1.9178%6
1.662972
0.846226
2571793
1.736263
1440385
1.353699

178216
0.525451
2.7588%6
2105933
1169222
1.510049
0.743621

205672
2012717
2445211

1.310739
1.9178%6
1.662972
0.846226
2571793
1.736263
1440385
1.353699

178216
0.525451
2.7588%6
2105933
1169222
1.510049
0.743621

205672
2012717
2445211

44,1804
43.0614
44,1675

43507
46.4347
43.6273
45.4801
45.9292
43.5981
481719
43.4657
42,8556
43.4009
44,5289
44.3806
43.6416
43.4607
45.1064

6.6978
6.6724
6.7082
6.6829
6.8812
6.6958
6.7132
6.6933
6.6796

6.674
6.6695
6.6652
6.6848

6.685

6.707
6.6796
6.6685
6.7438

47.109
49.0282
469111
413792
43.6717
416272
44,6338
44,0597
479621

46,391
47.9739
45.1742
48.2071
46.4266
46.3837
47.71915
48.1562
455791

20068

1238
2132
20308
3014
2.04%
31728
33176
1.7602
21511
18339

1305
L7012
23594
23287
18872
L7147
25107



Hydrogen Production Via Fermentation
Properties Section - Components

65 Components

‘@Selection |Petroleum Nonconventional I@Enterprise Database | Comments

Select components

Component ID
H2
N2
H20
GLUCOSE
NH3
coz
02
CH4
H2S
ACETIC
CITRIC
MALIC
TARTARIC
LINOLEIC
PECTIN
ENZYME
H3PO4
CLOST
BIOMASS

Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Biocomponent
Biocomponent
Conventional

Biocomponent

Biocomponent

Type

Component name
HYDROGEN
NITROGEN
WATER
DEXTROSE
AMMONIA
CARBON-DIOXIDE
OXYGEN
METHANE
HYDROGEN-SULFIDE
ACETIC-ACID
CITRIC-ACID
MALIC-ACID
TARTARIC-ACID
LINOLEIC-ACID

PROTEIN

ORTHOPHOSPHORIC-ACID

Alias
H2
N2
H20
C6H1206
H3N
coz2
02
CH4
H2S
C2H402-1
C6HBO7
C4H605-D1
C4H606
C18H3202

BSA
H3PO4

CAS number
1333-74-0
7727-37-9
7732-18-5
50-99-7
7e64-41-7
124-38-9
7782-44-7
74-82-8
7783-06-4
64-19-7
77-92-9
6915-15-7
133-37-9
60-33-3

7664-38-2




Hydrogen Production Via Fermentation
Simulation Section — Main Flowsheet

35—

500 Kg of food waste : 10% Dry Biomass (50 Kg) ; 90% (450 Kg)



Hydrogen Production Via Fermentation
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Hydrogen Production Via Fermentation
pretreatment
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Hydrogen Production Via Fermentation
pretreatment
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Hydrogen Production Via Fermentation

Reactions of acidic pretreatment (Breaking Hemicellulose)

Reactions
Rxn No.

~N o N

11
13
14
16
17

Frac.
Frac.
Frac.
Frac.
Frac.
Frac.
Frac.
Frac.
Frac.

Frac.

Specification type

conversion
conversion
conversion
conversion
conversion
conversion
conversion
conversion
conversion

conversion

Molar extent

Units

kmol/hr
kmol/hr
kmol/hr
kmol/hr
kmol/hr
kmol/hr
kmol/hr
kmol/hr
kmol/hr

kmol/hr

Fractional conversion

0.9
0.5
0.9
0.5
0.9
0.5
0.9
0.5

Fractional Conversion of
Component

ACETYL-X
SUCROSE
XYLAN
XYLAN
MANNAN
MANNAN
GALACTAN
GALACTAN
ARABINAN
ARABINAN

Stoichiometry

ACETYL-X +H20 --> XYLAN(MIXED) + ACETIC(MIXED)
SUCROSE --> HMF(MIXED) + GLUCOSE(MIXED) + 2 H2O(MIXED)
XYLAN +H20 --> XYLOSE(MIXED)

XYLAN --> FURFURAL(MIXED) + 2 H2O(MIXED)

MANNAN + H20 --> MANNOSE(MIXED)

MANNAN --> HMF(MIXED) + 2 H20(MIXED)

GALACTAN +H20 --> GALACTOS(MIXED)

GALACTAN --> HMF(MIXED) + 2 H20(MIXED)

ARABINAN + H20 --> ARABINOS(MIXED)

ARABINAN --> FURFURAL(MIXED) + 2 H2O(MIXED)



Hydrogen Production Via Fermentation
Reactions of acidic pretreatment (Breaking Hemicellulose)

@ specifications | Streams | @Reactions | Combustion | Heat of Reaction | Selectivity | PSD | Component Attr. | Utility | & Comments
Reactions
Rxn No. Specification type Molar extent Units Fractional conversion  Fractional Conversion of Stoichiometry
Component
1 Frac. conversion kmol/hr 0.9 CELLULOS CELLULOS + H20 --> GLUCOSE(MIXED)
2 Frac. conversion kmol/hr 1 CELLOB CELLOB + H20 --> 2 GLUCOSE(MIXED)
New | Edit

Reactions of Enzymatic hydrolysis pretreatment (Breaking Cellulose)



Hydrogen Production Via Fermentation
Dark Fermentation of Glucose
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Hydrogen Production Via Fermentation
Dark Fermentation of Glucose (Reaction)

{ C’lSpecies @ Kinetics | Temperature-dependent Terms | Oxygen Limitation Terms Custom Terms

Biomass (X) M - Rate of Mass Change
Oxygen source ¥ for aerobic reaction X = AX Ative - AX pead — e
<% Activ
dt dt dit
Nitrogen source NH3 w
* More information on Kinetics Tab
Inverse-time unit ~ 1/hr b4
Substrate (5) True Yield Coefficient Maintenance dS i dX . 3
(Ys20) Coefficient (Ms) = —}_.,.;_l. = :’1.]5 % ‘X,U,'m- i i X
df dt }IJ‘\
GLUCOSE 3 0.002
Product (P} True Yield Coefficient Non-Growth Term dP v dX 3.X
; — L e — - .
(¥pix) Reference Substrate Coefficient (B) Yield Coefficient (Yp:s) RES +

ACETIC 3 GLUCOSE 0.1 0.3



Hydrogen Production Via Fermentation
Dark Fermentation of Glucose (Reaction)
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Hydrogen Production Via Fermentation
Dark Fermentation of Glucose (Result)

Bioresource Technology . As
= R

Volume 364, November 2022, 128134

Review

Microalgae-derived hydrogen production
towards low carbon emissions via large-
scale outdoor systems

Young Joon Sung ® ® %, Byung Sun Yu %, Ha Eun Yang °, Dong Hoon Kim °, Ju Yeon Lee °,

sang Jun sim ® 2 &

= Mole Flows

H2
N2
H20
GLUCOSE
NH3

b coz
02
CH4
H25
ACETIC

Ce¢H1206+ 2 H,0 — 2 CH;COOH + 2 CO; + 4 Hy

kmaol/hr
kmol/hr
kmel/hr
kmol/hr
kmol/hr
kmal/hr
kmal/hr
kmaol/hr
kmal/hr
kmal/hr
kmol/hr

11918.4
0.767748
0
11892.6
0.0263998
0.301866
0.259112
0

0

0
0295171

pretreatment stage (Show et al., 2019). The biohydrogen production reaction by dark
fermentation is as follows and generally occurs at a high rate:

(11)

11916.9
0

0
11892.8
0.191937
0.0127817
0

0

0

0
0.012778



Hydrogen Production Via Fermentation

Dark Fermentation of Protein (Reaction)

C3H-O;N +~ H,0 — %CH3COOH -+ %CH3CH2COOH + NHz

1 1
+3C0; +3H,

Reaction 3 (Corrected): Alanine to Propionic Acid
3 ALANINE +4 H20 — 2 PROPIONIC ACID +3 NH3 + 3 CO2 +4 H2

C;H;0O:N +~ H, O — %CHgCH2CH2COOH + NH3z + CO; + H»
C;H;03N + H, O — CH;COOH + NHs + CO> + Hs

CsH,0sN — %QHB{D2 + NHs + CO,

C4H-O4N +~ 2H, 0 — CH3COOH + NH; +~ 2C0O; + 2H->
C4H-O4N — C3H;0:N + CO,

C5H1302N -+ 2H20 — C5H1002 (isovalerate) -+ NH3 -+ COZ
+ 2H,

(3)

(4)

(3)

(6)

(7)
(8)

(9)

Not in mass balance



Hydrogen Production Via Fermentation

Dark Fermentation Results

From 500 Kg Fruit waste

Mole Flows kmol/hr Mass Flows
H2 kmol/hr 0.808906 H2
Cco2 kmol/hr 0.304062 CO2
ACETIC kmol/hr 0.320554 ACETIC

kg/hr
kg/hr
kag/hr

ka/hr

1.630657

13.38173

19.25008



Hydrogen Production Via Fermentation
Photo Fermentation (Reactions)

The pathways from acetate, propionate, and butyrate to hydro-
gen during photo-fermentation are shown in Eqgs. (10)-(12), which
illustrate that butyrate and propionate can generate higher hydro-
gen contents per mole than acetate.

CH3COOH + 2H,0 — 4H, + 2C0, (10)
CH5CH,COOH +4H,0 — 7H, + 3C0; (11)

CH3CH;CH;CO0OH + 6H,0 — 10H; + 4C0; (12)



Hydrogen Production Via Fermentation
Photo Fermentation (Reactions)

Fractional conversion = Fractional Conversion of Stoichiometry
Component
1 ACETIC ACETIC + 2 H20 --= 4 H2(MIXED) + 2 CO2(MIXED)
1 PROPI-01 PROPI-01 + 4 H2O --= 7 H2(MIXED) + 3 CO2{MIXED)

1 BUTYRIC BUTYRIC + 6H20 --> 10 H2(MIXED) + 4 CO2{MIXED)




Hydrogen Production Via Fermentation
Photo Fermentation (Results)

From 500 Kg Fruit waste

Mole Flows kmol/hr Mass Flows kg/hr
H2 kmol/hr 1.186623 H2 kag/hr 2.39209

(6{0) kmol/hr 0.576618 (6{0) ka/hr 25.37684



Hydrogen Production Via Fermentation
Purification

Hydrolyzation and filtration

Gas separation
& purification

TH-201

Biocatalyst reactor

Water treatment & recycling

Figure 3. Process overview for hydrogen production with ASPEN Plus.



Hydrogen Production Via Fermentation
Purification

Fermentation Harvest
HE12+

B1

]

PF{OUT)



Current stage: Amine based Carbon Capture (By MEA)

Il J1

“Flowsheet Case (Main) - Solver Active =+

4
inlet Q2 V-100
solvent
ey —————
g fi3p
—_——
inlet
gas E-100 5

Looking for best Method for CCU



Final Result

+ Mole Fractions
= Mass Flows
H2
N2
H20
GLUCOSE

NH3
Co2

02

CH4

H2S
ACETIC
CITRIC
MALIC
TARTARIC

kg/hr
kg/hr
kag/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kag/hr

Units

FH2 -

3.96262
396262

o o @ o0 2 @ 2 . @ a 9 o 2

14 = Mass Flows
H2
N2
H20
GLUCOSE
NH3
co2
02
CH4
H2S
ACETIC
CITRIC
MALIC
TARTARIC
LINOLEIC

kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr

Units

38.6949

e R e T ) - e

[ T e N |




Final Result

The results obtained from the Aspen Plus simulation of hydrogen production via dark
fermentation and photo-fermentation of fruit-based food waste show a hydrogen
production rate of 3.963 kg/h and a carbon dioxide production rate of 38.723 kg/h,
corresponding to approximately 0.079 kg H,/kg and 0.774 kg CO,/kg of dry waste.
These values align closely with those reported by Cheng et al. (2011), who investigated
a two-stage process involving dark and photo-fermentation of cassava starch. In their
study, the total hydrogen vyield reached 0.075 kg H,/kg—very similar to the value
obtained in this simulation. Although Cheng et al. did not report CO, mass flow
explicitly, the theoretical stoichiometry of combined dark and photo-fermentation
(which can reach up to 12 mol Ha/mol glucose with 6 mol CO,/mol) suggests a CO,/H,

molar ratio near 0.5:1. In this simulation, the CO,/H, molar ratio is approximately
0.44:1.



Hydrogen Storage
Metal Hydrides




Hydrogen Storage
Metal Hydrides (Charging Phase)

- Operating conditions

Flash Type ~ Pressure -

Fractional conversion = Fractional Conversion of Stoichiometry
Temperature 418 C > Component
Pressure 22 atm - 0.98 H2 MG + H2 --= MGHZ2(MIXED)
Duty calfsec
Vapor fraction




Dark Fermentation: Glucose (Theoretical)

CH;COOH + 2H,0 — 4H, + 2CO0,

Biomass Growth

Biomass Concentration (g{L)
= » $ >
e [0} N [V, ] w [V,} £ wn

g
()]

0
SCHANMTIN OB ANDS =N TN
v —

O~ NS =N T
— - — NN NN N

Time (h)

mol Hy

3.57

mol glucose

1.83

Reaction rate (kmol/h)

0,14

0,12

0,1

0,08

0,06

0,04

0,02

0

Fermentation Kinetics

——Hydrogen generation rate

—— Acetic Acid generation rate

S =N TN O S =N
— -

Time (h)

TN o~ NS
— v - O]

—
(o]

o e
NN

mol acetic acid

mol glucose




0,014

0,012

0,01

)

0,008

kmol/h

(

0,006

0,004

Reaction rate

0,002

1,75

3,5
5,25
8,75

Fermentation Kinetics

—— Acetic acid generation
rate

——Hydrogen generation rate

lf\ﬁ v <t n lf)“ v — lf\ﬁ v 0 Wn lf\ﬁ v W lf)“

= N — ~ N (O Il < N AN ANy

— v — QN N AN \O AN N on O on
— — — e\l o (@\] on on

Time (h)

Dark Fermentation: Glucose (Hydrogen Partial-Pressure Inhibition)

Experimental valid

Component Simulation
range
mol mol
Hydrogen — M 44—
mOIglucose m0lglucose
mol P mol ,
Acetic Acid __acetic 0.75-1.5 acetic

moly,

moly,




NIVERSITA
I PADOVA

T Parameter Value from Simulation Experimental
range
2 Glucose DF Reactor > . .
—— [ HE1 Sepantor ¥ Mix A+B Mix C
WAS P
—1 —4> [ l—6+ 13
—2_1'\ ~o Q D j Acetic acid 10.21 10.3 4.8-29.0
Fruit waste T |_’ Flash Separator 1
a ) \u{] — Butyric acid 8.46 8 0-13.4
| L
10 HE2 mmm HPR 0.79 0.8 0.7-0.83
Protein Hydrol —
— é . ﬁ] Hydrogen 1.54 1,54 14525
"Amino Acid DF Reactor | Flash Separator 2 per Glucose
!
‘l" 0.51 0.52 0406
0.49 0.48 0.4-0.
Schematizzazione del processo integrato di dark fermentation e digestione anaerobica in Aspen °
Plus
i i Not
000000 Parameter Value from Simulation otes
f-
© 0.00000 . .
E 4 o Mix A+B Mix C
o 0.00000
o .
- Residual glucose Near-complete
é 0.00000 conversion 999 99.88 degradation
©
@ 0.00000 o Primary
=
g ﬁ‘gs\t/':rzgi 99.52 99.48 methanogenic
g 0.00000 substrate
= - A+B = C Meth Pri
5 0.00000 e .ane 5418 58.24 rimary energy
f production rate output
0.00000
0 5 10 15 20 25 ifi igh-effici
SpeC|f|<? methane 123.47 124 44 High eff|C|.ency
Time(hour) yield conversion




CCU-Absorber & Stripper

360

350

Temperature (K)
w (78]
@ Y
< <

9
[
=]

310

300

1

Absorber Temperature Profile

—eo—Liquid
temperature

—eo—Vapor
temperature

2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Stage

365

355

Temperature (K)
w (98] w
) @ A
V)] V)] V)]

W
—
)]

305

295

Stripper Temperature Profile

BEEIUEEURSSS

—o—Liquid temperature

—o—Vapor temperature

!

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Stage

CO: capture efficiency: = 69% & H:loss: <0.01%




Metal Hydride Hydrogen Storage & SOFC

Mg (s) + Hz(g) —» MgH,(s)

— Q

Additional
Heating

H2+CO2 HEX_FUEL SOFC

“ Additional
Heating

Fuel [
Compressor
1 T 2 —— 3 4

. [ .
Air ¥ .+
5 Compre:sor 6 ”
A > g >

98% absorption of Hydrogen

Voltage: 0.861 V

operating Power: 68.82 kW AC
Efficiency: 49.4%

Fuel utilization: 85%



PURIFICATION PROCESS PATH

CONDENSATION F“ ADSORPTION

‘ 30% H2

‘ 80% H2

- COMPRESSION
STORAGE ‘

80% H2

COMPRESSOR PRESSURE REGULATION
|_CONDENSER | | PSA COLUMN AND TANK
I I SOFC(3 bar) | PEMFC(10 bar)
REMOVAL OF WATER VAPORS EXTRACT HYDROGEN 200 bar HEATING
1000 ° C -
80% H2 %9/?,.,2
- ASPEN HYSYS-CONDENSATION, COMPRESSION, POST SOFC MEMBRANE
STORAGE SEPRATION
« ASPEN ADSORPTION-ADSORPTION PROCESS 99 5% H2
480 ° C,0.8 bar
COOLING,COMPRESSION
70 ° C,3 BAR

PEMEFC
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CONDENSATION

* Improve Hydrogen Purity

 Protect Equipment

* Ensure Fuel Cell
Compatibility

E-100 j

outlet

Stream Number | Stream Name Temperature(°C
)
St-1 Dark Fermentation Gas 40
Flow

St-2 Dry Gas 10
St-3 Chilled Water 5
St-4 PSA Feed 40-70
St-5 CondensEdONEMENT CODE| - | EQUIPMENT NAME

F-100 Gas Flow Meter

- st4 CH-100 Chiller
ks E-100 Condenser
E-101 Heater heater';ergy
8? PSAFI;ED
E:E; 6; Cooler energ
E-103
Crﬁ;r V-100

—
water
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CONDENSATION RESULTS

* 98% water removed

» Calculate condenser duty and heat transfer area

0

PARAMETER UNIT VALUE
Volumetric flow rate m?3/hr 3.5
GAS INITIAL MOLAR FINAL MOLAR mole/sec  0.404
COMPOSITION- COMPOSITION-
(y1)(estimated) (y2)(through simulation) moles of water before condensation mole/sec 0.0315
H,0 0.0782 0.0014
CO, 0.3664 0.3968 moles of water after condensation mole/sec  0.029
H, 0.2782 0.2956 Q(Condenser Duty) kd/sec 1.65
0, 0.0056 0.0061
CH, 0.0042 0.0046 A(Heat Transfer Area) m? 1.5
N, 0.2728 0.2956
CONDENSER PARAMETER VS GAS FLOW RATE
4.5
4
—; 1; v =0.4713x
2 2 /D/\ =0.4285% - 1E-14 —e— Heat Removed(Q)(KJ/sec)
g 1:5  Zad —e— Heat Transfer Area)(m”2)
S 1
0.5

2 4 6 8 10
Gas Volumetric Flow Rate(m”3/hr)
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ADSORPTION

Pressure Swing Adsorption(PSA)

Separate hydrogen

Gas mixture flows through an adsorption column packed
with porous materials (e.g., Zeolite 13X, Activated Carbon).

Adsorption, depressurization, purge, and repressurization
Designed to achieve 280% hydrogen purity

sT6 V=101

PRODUC("

[

ST-7 @ S5
=EED|:|'> E
_%_ ST-3
\: Gas Adsrobent Adsorbent
Type Type Capacity(mole/kg
EQUIPMENT CODE EQUIPMENT NAME )
Cco, Zeolite 4
\F;:(;:) IC:-T-ade\tjeld Flow Meter N, Zeolite 1
- ee alve -
C-100,C-101 Adsorption Column 0, Activated 0.2
V-101 Product Valve Carbon
F-102 Product Flow Meter

. FEED

ST

BIv2

BED1

B1v1

Vi1

62



1,2

1
0,8
0,6
0,4
0,2

H2 CONCENTRATION

0

1,2

o
[ee} —_

H2 Con(gntration
N

ADSORPTION

H2 CONCENTRATION WRT AC AND ZEOLITE

S o
<

—HOWMARNONOIS 0V AN O N O
T O N XA AS O —=WVOoOWnAT O
—— AN N NN OO0 0N

987
1034
1081
1175
1222
1269
1316
1363
1410

0
Q
o
b
g

—

Simulation Runnin:

me

g

1457
1504
1551

e Blocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol(AC)

e Blocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol(ZEOLITE)

H2 CONCENTRATION WRT FEED DIFFERENT

CONDITIONS(AC)

;7 ==

1598
1645
1692

1739
1786
1833

DRI WV T Nl — O Q0>
N0 EMNOKMNOOMNO N XA I~
MWNOO->0VONRNO O —

———

Simulation Running Time

e Blocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol-Normal feed

e Blocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol-H2:C02=0.5:0.5

e Blocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol-H2:C02=0.3:0.7

1880
1927
1974

H2 Concentration

1,2

0,8

0,6

0,4

0,2

0

H2 CONCENTRATION WRT FEED DIFFERENT CONDITIONS(ZEOLITE)

(=)

<
<
—

—

1976

AN O 0VONTOOOAN T OO A T O
NMOWVNOYVW—VO—=OVOA-AANX0MXON
— = AN ANNN TN N OO0 0N

1040

N
(=)
(=
—

1196
1248
1300
1352
1404
1456
1508
1560
1612
1664
1716
1768
1820
1872
1924

o0
%
X
R

Simulation Running Time

e Blocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol-NORMAL FEED
e DBlocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol-H2:C02=0.5:0.5
e DBlocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol-H2:C02=0.3:0.7
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ADSORPTION

Gas Initial molar Final(required)
Components concentration(y | molar
2) 10
H, 0.314 0.80
CoO, 0.366 0.15 9
0, 0.0065 0
N, 0.314 0.05 8
PARAMETERS UNIT VALUE 2
Vpea(volume of bed) m?3 5.4 g
£ ° y =0,3333x2-4,6762x + 21,271
d(diameter of bed) m 1.90 =
c 5
o
l(length of bed) m 5.7 s
c 4
t,as(recalculated time of adsorptid hrs 9 2
3
teyclic (recalculated cyclic time) | hrs 13
2
No of beds - 3
1
0
0 1 2 3 4 5 6

Flow rate(m”3/hr)



Fonte Temperature Peak specific power
°C mW/cm?
(A. Le Gal La Salle) 800 537 20% H, - 20% CO -

10% CO, — 50 % N,




Design del set-up di cella

Fiaxell

9 SOFC Technologies™

Aria

2

H\
co,

H, co

catodo

P
S

fornace Kittec Squadro
SQ11 con flangia di
alloggiamento in
INCONEL® 601
raccorderia Swagelok in
AISI 316

sistema di  MFC per
misura e controllo dei
gas



First test: commercial cell Ni-YSZ/YSZ/LSCF

Potential (V)

1,0

0,0

W 850°C

900°C

800°C

m 750°C

W 700°C

R L

e
N

60

- 50

- 40

o
Power (mW)

- 20

100
Current (mA)

T
150

Potential (V)

0,8

Current (mA)

60
900°C
\ 10% Hz +20% COZ- 70% Ar  wssoec |
800°C
-'\‘f"; 1 750°C |50
e W 700°C
/‘//’ \\ - llo
Vi . \\\
3 /—‘\ \‘\
' \ L 30
Y L 20
\\\‘
A\ - 10
T T U
100 150

Power (mW)



First test: commercial cell Ni-YSZ/YSZ/LSCF

Power density (0-cm™)

Temperature (°C) 10%H,-90%Ar  10% H, + 20% CO,- 70% Ar

700
750
800
850
900

8.2
14.4
24.3
37.7
52.7

8.8
15.0
23.9
35.1
47.3

Dirty” hydrogen shows better
performance at low
temperatures: favorable coking
effects

Performance decreases above
800°C due to Ni nanoparticle
coverage and RWGS occurring as
a parallel reaction

10% power loss at 900°C



SOFC MODELING IN AVL CRUISE™ M

Use of a Pre-defined SOFC model — complex setup procedure involving*:

» Simulation procedure

> Reactions/electrochemical parameters (numerical stability)
> Carrier (Argon) substitution (N/A): Ar—N, (ammonia decomp. suppression) @ﬁfl H,O <> CO + 3H,

Area scaling in CRUISE M for numerical stability (1.13—113 cm?2, 3—300 cm?)

Enabled reactions

v Reversed Water-Gas shift

(RWGS)
CO, + H, <> CO + H,0

v Methane steam reforming

X Ammonia decomp. rate
(ARR) <> N, + 3H,

State-of-the-art materials (Ni-YSZ/YSZ, same as experimental setups), default current density (2-2.5

ll
Final Model

Fuel Mixtures

Output
I-V curves for each case

Cruise M—Matlab |-V-P

* For brevity, only key steps are outlined and not explained

@I—o |9
- oLl . ‘ 7
ml, 2 0 0 C
o o ﬂ._. - \" "_'_" '.:H-— I:Ln
- ﬁ 4 Bkl s Ei i .—? —t ,-!;_

||||



FIRST SIMULATION SET — EXPERIMENTAL VALIDATION

N
oz d I\
1\ N
\'\ \
P 1
L %
06 \ y”-\
e A N ) £
= Y AN o
\ \ . . 0
E \ b \-b\. g
A\ b &
& o4 — 8
) ¢ N N
\ b 20
\ 3\ N\
\ N o
\ N D
02
\ Y - 10
0.0 T °
o 0 100
Current(mA)
1-V-P Plot for 0.1H2+0.9N2 mixture, S=113cm?
14 T T T 120

Voltage [V]
(=
©

o
o

04+

02

Power [W]

50 100
Current [A]

Left: 0.1H,+0.9N,;

L
150

Maximum obtained power (mW)
Temperature (°C)
10% H: | 10% H: +20% CO:
700 8.2 88
750 144 15.0
800 243 239
850 L] 3501
900 52.7 473

IVaIidation Results

CO, reduces maximum power at high T

50°C
B¢
m 200°C
W 750°C |50
N m T00C
\;\ R i -
\ NN
\\\ Nt
NN 10

06 \ ".\ \.\ :

3 \ N .=
E N 0
£ . z
o
& o4 [

"-\ 20

b
02 :
k10
oo T T T C
[ 50 100 150
Current(mA)
1-V-P Plot for 0.1H2+0.2C02+0.7N2 mixture, S=113cm?

14 . - . 120 P00
750°C
800°C
850°C

12+ 900°C

4100
s
180
< 08 =
>
g =
g 1% g
° o
Sos} o
H40
041
120
02F
0 L L ! 0
0 50 100 150 200
Current [A]

Right: 0.1H,+0.2C0,+0.7N,

Performance penalty between the two mixtures | as
T|

— Consistent modeling of activation, ohmic and transport
losses

» Model presents localized numerical artifact at | = 0-5 A,
and is more optimized

70



FIRST SIMULATION SET — SENSITIVITY ANALYSIS (700°C AND 900°C)

1I:1V curves for tested mixtures (Xpo), T=700°C, S=113cm 14{6P curves for tested mixtures (Xpor), T=700°C, S=113cm? 1I:‘V curves for tested mixtures (Xpo), T=900°C, S=113cm 14|;E)P curves for tested mixtures (Xpop), T=900°C, S=113cm?

0.1H, 0.2CO, 0.7N,
0.2H, 0.4C0Q; 0.4N,
0.3H, 0.6CO; 0.1N,
1.2 120 12 120 + 8"11:2 3'2302
,o:zﬂi O:BN;
0.3H, 0.7N,
Tk 100 - 1k 100 0.4H, 0.6N,
ED.S* §- 80 EO.B' g 80
Sost 0 ot 2 osl o 6ot
04+ 40 - 04+ 40 -
02 20+ 0.2+ 20+
0 L : ! ) 0 . : : ) 0 ‘ ! : i 0 ‘ : : )
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Current [A] Current [A] Current [A] Current [A]
| 700°c | 900c
CO,free r CO,-free n
= Best performances as X,;,1 (Xy,!) = Always best performing across all |, clear distinction
= Base 0.1H,+0.9N, overtaken by sensitivity CO,- from CO, mix
mix : :
CO, Ing mixtures
CO, Ing mixtures = Worst performances, growing as Xi;,, Xco, T X,
= 0.2H,+0.4CO,+0.4N, is the best case = Overlapping of intermediate mixtures

* Frequent overlapping at low |
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Voltage [V]

SECOND SIMULATION SET — REVERSIBLE SOFC 10 SOEL

I-V Plot for rSOC working as SOEL, 100%H20, $=300cm?
T T T T T T

1.8

D 1 1 1 L L

0 100 200 300 400 500
Current [A]

600

700

700°C
750°C
800°C
- - 8560°C
900°C

* Reverse modeling in CRUISE M with data
postprocessing

 Cell Vincreases with | — activation, ohmic, and
concentration overpotentials effects (reversed SOFC
case)

 HigherT:

— lower electrolysis V at any |, due to reduced
overpotentials

— same H, production rate at lower electrical energy
input — advantage of high-T electrolysis
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CONCLUSIONS

Overall consistent baseline experimental validation and further modeling of mixtures

| KEY FINDINGS

I Temperature and H, availability (pure or from SMR) as synergistic key improvement factor
I Carrier gas acts as diluent, worsening performance
I CO, acts as diluent and active reactant — dual-sided effect, even competitive in mixtures at low T

RWGS and SMR regulate performance when CH, or CO, are present with H,

— Best improvements and performances obtained with H,-CH, blends at high T

As T7, curves become flatter (losses influence) and performance gap generally narrows
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Sludge Tank
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Sludge in
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pompa

in |

Energy model of the fermentation module

‘ Pelica
M

O{ gas H2 + CH4 + CO2

I ]
72y 77777277 77077727777 7772727771

‘ < macqua

S—

4+ - - termica dissipata

L b Prcrmics oot

S ) >

Acqua calda nella camicia

*  Mud/substrate mix feed pump
*  Mixing propeller

*  Electric resistance for heating the water inside the jacket

Enetta = Eprodotta - (E Eelica + Eterm)

pompa

Eterm = Ewarm_up + Ejoss

/o

For sludge heating  To counteract heat
dissipation



Estimation of thermal dissipation

R-1 : ! ;
|
o
L) i —
Internal tank volume of approximately 480 L, filled to lf
approximately 3/5. , t , Area m’
*Overall dimensions: maximum height of 1500 mm and maximum Lateral 2.53
diameter of 1200 mm. Outer jacket filled with approximately 150 L DU e | N area
of water-glycol solution, maintained at a temperature of 35 to 40°C. ] Bottom 088
Outer jacket thickness of 3 mm and no external insulation.  —— grea oS
: 1 Ipper .

«Steel inox 316 ¢ wrea




How to reduce thermal dissipation

Since there are no reference standards yet, the following materials are proposed for the model in

U = 1 question (in compliance with fire classifications):
% + % + hl Glass wool: k; equal to approximately 0.038 W/(m K), non-combustible, no toxic gases in the event of
l a combustion
1 Rigid polyurethane foam: k; values between 0.022 and 0.028 W/(m K), presence of organic material

U =
rl. (r3\ | rl, (r2 1 = must be coupled with a lining of non-combustible or fire-resistant material
In In +
k; r2 k rl) " h,

Trasmittanza al variare dello spessore
dell'isolante

Solution with lateral insulation of the
jacket

. - i

Solution with complete insulation of
the jacket
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Global consumption estimation

EHZ = Epompa + Eelica + Eterm = Epump + Epropeller + Ediss + Ewarm_up

kWh
45

40
35
30
25
20
15
10

Laboratory tests suggest operating the impeller with on/off intervals of
5/55 s.

The analysis suggests thermally insulating the fermenter with 40 mm

polyurethane insulation.

Energia spesa giornaliera dal secondo giorno

38.7 kWh

Riduzione Riduzione
del 57% del 50%
I 19.3 kWh
16.8 kWh
Elica m “
Elica Elica
Soluzione iniziale Soluzione conisolamento Soluzione con solo isolamento
completo camicia, Elica laterale camicia, Elica ottimizzata

ottimizzata



Energy balance

*Experimental tests on a pre-pilot plant (45 L)
*SHP performance exceeded the initial project estimates (58.08
NLH./kgTVS)

System energy balance

Pathway 1 — SOFC with minimum gas purification
*Energy produced: 9.2 kWh/day

*Energy consumed: 9.3 kWh/day

Pathway 2 — PEM with deep purification
*Energy produced: 8.4 kWh/day
*Energy consumed: 16.1 kWh/day

Operational conclusions

*The SOFC configuration proved to be the preferred solution.

*The increase in methane production in the two-stage process directly
improves the overall energy balance.

Main critical energy consumptions
*mixing/agitation;
sreactor heating.

Parametro Valore
SHP average 58 + 15 NLy2/kgrys
SMP average 1,4 £ 0,9 NLgpa/KG7ys
SGP average 145 + 28 NL/kgrys
CH, 1%
H, 39,9%
HPR 0,83 £ 0,21 NL H, L™" reactor d™*
GPR 2,09 £ 0,41 NL H, L™" reactor d™*




Mono Stage Anaerobic Digestion

[ ofmsw
OFMSW  ’f Size reductionto 2 mm

|74

WAS

Double Stage Anaerobic Digestion

Dark fermentation

OFMSW >
OFMSW » Size reductionto 2 mm

OLR
177TvS/m? d

HRT
3 days

Valume
200L

OLR
3,5Tvs/m*d

HRT
20 days

Volume /
230L /

-

Methanogenic phase

OLR
3,5TVS/m*d

N HRT
OFMSW-WAS > 17 days

Volume
760L

S

D. Bolzonella et al., “Producing Biohythane from Urban Organic Wastes,” Waste Biomass Valor, vol. 11, no. 6, pp. 2367-2374, Jun. 2020, doi: 10.1007/s12649-018-00569-7
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Experimental data vs literature
(D. Bolzonella et al., “Producing Biohythane from Urban Organic Wastes,” Waste Biomass Valor, vol. 11, no. 6, pp. 2367-2374, Jun. 2020, doi: 10.1007/s12649-018-00569-7)

Process Test condtions SMP (Nm? CH,/kg TVS)
Single phase Batch (BMP, potential value) 0,45
Double phase Batch (BMP, potential value) 0,60

Semicontinuous (70-75% of

Single phase theoretical) 0,34
. Semicontinuous (75% of potential
Single phase batch) 0,45
. . 180/
Double phase Semicontinuous (+15-18% with 0,39-0.40

respect to single phase)

Caso realistico adottato Semicontinuous double phase 0,40




H2 storage using metahydride technology

From left to right: MyH2_3000; metal hydride powders; charging process; discharging process

Advantages : *  High storage capacity(7.6 wt%);
*  Economically substainable
* Safe

e  (C=270g (3 Nm3) of H2

Disadvantages: ¢  Ty,>300°C
*  Slow Kinetics

Reaction: e M+ §H2 = MHZ + AH

Possible solutions:

Ball milling (nanocrystalline powder with high specific surface area).

* The addition of elements such as Ni, Ce, Nb, Ti, LaNis, FeTi, Fe, Co, and Cr improves the process kinetics.
* The addition of graphite reduces activation cycles and improves adsorption kinetics.

* At high concentrations, negative effects on the desorption process may occur.

Technical difficulties:  There are still critical issues related to the thermal conductivity and mechanical stability of the materials, which still need to be
resolved.



Discharge Comparison with Supplier-Provided Values

. . .. —— Supplier Provided Data (Chart 1)
The system was immersed in room-temperature water to dissipate 10 --- Experimental Data (Chart 2)

heat during the hydrogen charging phase.

Hydrogen was supplied via an electrolyzer, with a progressive
increase in pressure from 5 to 10 bar. 8t
The charging phase was completed in 2 hours; the final internal
pressure (valve closed) reached approximately 10 bar.

The temperature remained stable throughout the charging phase,
likely due to the effective heat dissipation provided by the water
bath.

During the discharging phase (valve open), the pressure decreased 4r
rapidly from 10 to 2 bar in 5 minutes.

Hydrogen continued to be released at lower flow rates for an
additional 30 minutes, until complete depletion. 27
To accelerate the discharging phase in future tests, immersion in
warm water (< 55°C) is recommended.

Pressure [bar]

Time [minutes]



Estimated total energy consumption: = 19.5 kWh/day

*Reactor heating — 3.96 kWh/day (~20%) — maintaining 37°C
Compressors (upgrading + storage) — 4.25 kWh/day (~22%)
*Mechanical agitator — 2.24 kWh/day (~11%) with suitable optimization
strategies

Chiller (gas purification) — 6.6 kWh/day

*Other consumptions (pumps, hydrides, AC/DC conversion, gas heater) —
~2.4 KkWh/day (~13%)

Energy optimization strategies

Intermittent mixing (5 s/min) — significant reduction in agitator energy
consumption (~11% of total)

*Thermal insulation of the fermenter — reduction of heat losses up to 57%
— strong impact on heating demand

*Optimization of purification and compression stages



Life Cycle Assessment

1p
Electricity from SOFC
H2

— = 1 |

0,66 m3 066 m3 0,66 m3 0,66 m3 3eM ~0.874 m3
Dark Fermentation Condensation First. i ion and Storage| Electricity by SOFC (20% Sludge

The study was conducted according to ISO 14040:2006 and ISO e
14044:2006 standards, using the ReCiPe 2016 (H) method in SimaPro

software, with a functional unit of 1 Wh of electricity produced.
Although impactful, dark fermentation valorizes waste by avoiding the

impacts associated with conventional disposal. 8 ® B E B B R BE R E R R E R == 0§ ¢ B
H, purification is the most energy-intensive stage and contributes the .
most to Global Warming Potential (GWP).
Higher H, concentration — improved fuel cell efficiency and reduced
GWP. -

Water consumption is generally low, but it increases with more intensive
purification stages.

SOFCs are more efficient and less environmentally impactful than
PEMFCs due to lower purification requirements.
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Life Cycle Assessment

The LCA considers the entire MODSEN supply chain,
with a functional unit of 1 kWh of electricity produced.
Compression and storage significantly contribute to the
environmental impact due to high energy and material
consumption.

SOFCs show lower environmental impact than
PEMFCs thanks to reduced purification requirements
and greater CO, tolerance.

Higher H, concentration — reduction in GWP and
resource consumption.

The overall impact is mainly dominated by gas
upgrading and energy conversion technology.

Summary of LCA results: hydrogen via dark fermentation.

Parameter

Value

Notes

GWP SOFC (20% H;)

4.15 kg CO,eq/kWh

GWP SOFC (50% H;)

2.82 kg CO,eq/kWh

Higher efficiency leads to lower
emissions.

GWP SOFC (efficienza 44.8%)

4.66 kg CO,eq/kWh

Increase in emissions due to lower
efficiency (RWSH effect)

GWP PEMFC (20% H,)

6.96 kg CO,eq/kWh

Higher impact compared to SOFC

GWP PEMFC (50% H,)

4.60 kg CO,eq/kWh

Improved performance with
higher-purity hydrogen

Consumo acqua SOFC (20%
H.)

0.0657 m®*kWh

It increases up to 0.0815 m3*kWh
under reduced efficiency
conditions

Consumo acqua PEMFC (20%
H.)

0.0832 m¥*kWh




COHERENT

Community Hydrogen, Emissions Trading, and Renewable Energy for Inclusive Net-Zero Transition



COHERENT aims to accelerate the transition to zero-inertia, 100% renewable energy systems by integrating
hydrogen production, advanced Al, and inclusive policy frameworks at community level. The project’s
objectives are fourfold:

* develop modular multienergy models that capture local resource strengths and socio-economic factors

e design and implement hydrogen-based community trading mechanisms and a tailored Community
Emissions Trading Scheme (C-ETS)

» validate next-generation low carbon technologies (e.g., electrolysers, fuel cells, heat pumps) through lab-
based testbeds and real-time digital simulators

* formulate inclusive policies ensuring that disadvantaged groups can participate equitably in net-zero
transitions.



