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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 energy and environmental sustainability, as well as the 

industrial replicability, through energy analysis and LCA 





Dark fermentation
C଺HଵଶO଺ + 2HଶO ⟶  2CHଷCOOH +  2COଶ + 4Hଶ

Organic wastes→ Substrate, fonte di glucosio

sewage sludge→ Inoculum, source of bacteria

Other products of the process: CH4, H2S, H2O



ABBATTIMENTO 
POLVERI CON US



Preparation of Organic substate



Hydrodynamic Cavitation for Sludge/Biomass Treatment

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.



Design and Start-Up of Fermenters: 4 liters



Design and Start-Up of Fermenters: 400 liters



Gas Purification System

The gas generated from the fermentation of market waste and civil 
sludge undergoes a first purification stage.
This stage includes:
1.Activated carbon filtration:

•reduction of water content;
•removal of contaminants such as H2S, VOCs and siloxanes.

2.Deoxygenation system (Deoxo):
•removal of molecular oxygen from the gas mixture;
•reduction of safety risks during compression.

After purification, the gas is dehumidified and deoxygenated, making it 
suitable for the pre-compression stage.

desolforatore

deossigenatore



Desulfurization Process

The desulfurization process removes 
contaminants such as:
•H2S
•VOCs
•Siloxanes

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



deossigenatore

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.



Hydrogen storage set up



Hydrogen Separation

PDMSXA-10 polymeric membranes 
were selected for initial tests.
Advantages:
•good gas permeability;
•effective H2/CO2 separation;
•lower cost than metallic or ceramic 
membranes;
•operational simplicity.

Physical separation of CO2



Chemical separation of CO2

Chemical adsorption using potassium carbonate: K2𝐶𝑂3 + 𝐶𝑂2 + 𝐻𝑂 →2𝐾𝐻𝐶𝑂3



PEM fuel cell, HyPMTM HD 30

•dry hydrogen fuel (≥99.98%);
•nominal power: 33 kW;
•peak efficiency: 55%;
•operating 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% Ar.
Results:
•CO2 reduced power output by about 8% at 900°C;
•at lower temperatures (600–650°C), the effect 
became beneficial.



SLUDGE

MARKET WASTES



• Test duration: 43 d
• Volume: 4 L
• HRT: 3.0 d
• OLR: 12 ± 1 kgTVS m-3 d-1

• pH: 5.5- controlled
• T: 37 °C
• Feeding: 1 LWAS d-1 + 270 gFVW d-1 (5 days/week)

19



20

• SHP: 54 ± 10 NLH2 kgTVS
-1

• %H2: 37 ± 2 %



%H2: 40 ± 2 %
15 NL kgTVS⁻¹ d⁻¹



• Test duration: 45 Giorni
• Volume : 350 L
• HRT: 17.5 d
• OLR: 1.0 ± 0.1 kgTVS m-3 d-1

• pH: not controlled
• T: 37 °C
• Feeding: 15 LDFE d-1 (5 days/week)

• pH: ~ 7.7

• SGP: ~ 500 NL kgTVS
-1

• SMP: ~ 350 NLCH4 kgTVS
-1

• %CH4: ~ 65.4 %

• GPR: ~ 0.394 NL Lreactor
-1



258.335 ton/y

65.000 ton/y

10 m3 of H2 for 
ton of waste

Dark 
Fermentation

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 

Pretreatment DF and PF 

Fermentation 
reactor

Acidic and 
Enzymatic 
hydrolysis

Protein DF
Hemicellulose 

DF
Glucose DF PF



Pretreatment (Mechanical + 
Chemical)

Dark  &  Photo fermentation

Carbon Capture Unit

• Hydrogen Storage

• SOFCFruit waste

System Overview:



Biomass Characterization: Methodology & Key Results

53,45%

15,65%

15,60%

2,55% 12,16%

7,78%

Glucose Cellulose Hemicellulose Lipids Proteins Ash

44,03%

6,70%

47,25%

2,20%

C H O N

300000 random mixture generated. Conversion to Representative 
Species CHON Composition

Species (% mass) CHON (% mass)



Chemical Pretreatment: Acid Hydrolysis, Solid Washing & Enzymatic Hydrolysis

• 3.3% glucose increase

• 100% Hemicellulose conversion 

Solid wash

• 98.5% glucose recovery

• Sends Cellulose to the enzymatic hydrolysis reactor

enzymatic hydrolysis 
reactor

• 90% conversion of cellulose into glucose.

• 27% increase in glucose

Acid Hydrolysis

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

Fermentation 

reactor
Mechanical

Pretreatment



1. Biomass Elemental Composition 

Data



1. Biomass Elemental Composition 

Python



1. Biomass Elemental Composition 

Python Results, 1st sheet



Hydrogen Production Via Fermentation
Properties Section - Components

65 Components



Hydrogen Production Via Fermentation
Simulation Section – Main Flowsheet

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



Hydrogen Production Via Fermentation
Solid Handling 



Hydrogen Production Via Fermentation
pretreatment



Hydrogen Production Via Fermentation
pretreatment



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



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

Reactions of Enzymatic hydrolysis pretreatment (Breaking Cellulose)



Dark Fermentation of Glucose
Hydrogen Production Via Fermentation



Dark Fermentation of Glucose (Reaction)
Hydrogen Production Via Fermentation



Dark Fermentation of Glucose (Reaction)
Hydrogen Production Via Fermentation



Dark Fermentation of Glucose (Result)
Hydrogen Production Via Fermentation



Dark Fermentation of Protein (Reaction)

Hydrogen Production Via Fermentation

Not in mass balance

Reaction 3 (Corrected): Alanine to Propionic Acid
3 ALANINE + 4 H2O → 2 PROPIONIC_ACID + 3 NH3 + 3 CO2 + 4 H2



Dark Fermentation Results

Hydrogen Production Via Fermentation

Mole Flows kmol/hr

H2 kmol/hr 0.808906

CO2 kmol/hr 0.304062

ACETIC kmol/hr 0.320554

Mass Flows kg/hr

H2 kg/hr 1.630657

CO2 kg/hr 13.38173

ACETIC kg/hr 19.25008

From 500 Kg Fruit waste



Photo Fermentation (Reactions)
Hydrogen Production Via Fermentation



Photo Fermentation (Reactions)
Hydrogen Production Via Fermentation



Photo Fermentation (Results)
Hydrogen Production Via Fermentation

Mole Flows kmol/hr

H2 kmol/hr 1.186623

CO2 kmol/hr 0.576618

Mass Flows kg/hr

H2 kg/hr 2.39209

CO2 kg/hr 25.37684

From 500 Kg Fruit waste



Purification
Hydrogen Production Via Fermentation



Purification
Hydrogen Production Via Fermentation



Current stage: Amine based Carbon Capture (By MEA) 

Looking for best Method for CCU



Final Result



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 3.963ௗkg/h and a carbon dioxide production rate of 38.723ௗkg/h,
corresponding to approximately 0.079ௗkg H₂/kg and 0.774ௗkg CO₂/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 yield reached 0.075ௗkg H₂/kg—very similar to the value
obtained in this simulation. Although Cheng et al. did not report CO₂ mass flow
explicitly, the theoretical stoichiometry of combined dark and photo-fermentation
(which can reach up to 12 mol H₂/mol glucose with 6 mol CO₂/mol) suggests a CO₂/H₂
molar ratio near 0.5:1. In this simulation, the CO₂/H₂ molar ratio is approximately
0.44:1.



Hydrogen Storage
Metal Hydrides 



Hydrogen Storage
Metal Hydrides (Charging Phase) 
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Dark Fermentation: Glucose (Theoretical)



Dark Fermentation: Glucose (Hydrogen Partial-Pressure Inhibition)

Component Simulation
Experimental valid 

range
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Parameter Value from Simulation
Experimental

range

Mix A+B Mix C

Acetic acid 10.21 10.3 4.8-29.0

Butyric acid 8.46 8 0-13.4

HPR 0.79 0.8 0.7-0.83

Hydrogen 
per Glucose

1.54 1.54 1.45-2.5

0.51 0.52 0.4-0.6

0.49 0.48 0.4-0.5

Parameter Value from Simulation Notes

Mix A+B Mix C

Residual glucose 
conversion

99.9 99.88
Near-complete 

degradation

Acetic acid 
conversion

99.52 99.48
Primary 

methanogenic 
substrate

Methane 
production rate

54.18 58.24
Primary energy 

output

Specific methane 
yield

123.47 124.44
High-efficiency

conversion

Schematizzazione del processo integrato di dark fermentation e digestione anaerobica in Aspen
Plus



CCU-Absorber & Stripper

CO₂ capture efficiency: ≈ 69%   &     H₂ loss: < 0.01%
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Metal Hydride Hydrogen Storage & SOFC

Mg s  +  H₂ g  →  𝑀𝑔𝐻ଶ s

• 98%  absorption of Hydrogen 

• Voltage: 0.861 V 
• operating Power: 68.82 kW AC
• Efficiency: 49.4%
• Fuel utilization: 85%
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PURIFICATION PROCESS PATH

CONDENSATION ADSORPTION COMPRESSION 
STORAGE 

PRESSURE REGULATION

REMOVAL OF WATER VAPORS EXTRACT HYDROGEN 200 bar

CONDENSER PSA COLUMN  COMPRESSOR 
AND TANK

POST STORAGE PROCESS

HEATING

SOFC
MEMBRANE 
SEPRATION 

COOLING,COMPRESSION

PEMFC

500 °
C

480 ° C,0.8 bar

70 ° C,3 BAR

SOFC(3 bar) PEMFC(10 bar)

1000 ° C

30% H2 80% H2 80% H2

80% H2

99.5% H2

• ASPEN HYSYS-CONDENSATION, COMPRESSION,  POST 
STORAGE

• ASPEN ADSORPTION-ADSORPTION PROCESS

80% H2
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CONDENSATION

• Improve Hydrogen Purity

• Protect Equipment

• Ensure Fuel Cell 
Compatibility

Stream Number Stream Name Temperature(°C
)

St-1 Dark Fermentation Gas 
Flow 

40

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

F-100 Gas Flow Meter

CH-100 Chiller

E-100 Condenser

E-101 Heater
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CONDENSATION RESULTS

GAS INITIAL MOLAR 
COMPOSITION-
(y1)(estimated)

FINAL MOLAR 
COMPOSITION-
(y2)(through simulation)

H2O 0.0782 0.0014
CO2 0.3664 0.3968
H2 0.2782 0.2956
O2 0.0056 0.0061
CH4 0.0042 0.0046
N2 0.2728 0.2956

PARAMETER UNIT VALUE

𝑽𝒐𝒍𝒖𝒎𝒆𝒕𝒓𝒊𝒄 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆 m^3/hr 3.5

𝒏̇(𝒎𝒐𝒍𝒂𝒓 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆) mole/sec 0.404

𝒎𝒐𝒍𝒆𝒔 𝒐𝒇 𝒘𝒂𝒕𝒆𝒓 𝒃𝒆𝒇𝒐𝒓𝒆 𝒄𝒐𝒏𝒅𝒆𝒏𝒔𝒂𝒕𝒊𝒐𝒏 mole/sec 0.0315

moles of water after condensation mole/sec 0.029
𝑸̇(𝑪𝒐𝒏𝒅𝒆𝒏𝒔𝒆𝒓 𝑫𝒖𝒕𝒚) kJ/sec 1.65

𝑨(𝑯𝒆𝒂𝒕 𝑻𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝑨𝒓𝒆𝒂) m2 1.5

• 98% water removed 

• Calculate condenser duty and heat transfer area 
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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 ≥80% hydrogen purity

EQUIPMENT CODE EQUIPMENT NAME

F-101 Gas Feed Flow Meter

V-100 Feed Valve

C-100,C-101 Adsorption Column
V-101 Product Valve

F-102 Product Flow Meter

Gas 
Type

Adsrobent 
Type

Adsorbent 
Capacity(mole/kg
)

CO2 Zeolite 4

N2 Zeolite 1

O2 Activated 
Carbon

0.2
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ADSORPTION
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Blocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol-Normal feed

Blocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol-H2:CO2=0.5:0.5
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Blocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol-NORMAL FEED

Blocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol-H2:CO2=0.5:0.5

Blocks("PRODUCT").Y_Fwd("HYDROGEN") kmol/kmol-H2:CO2=0.3:0.7
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ADSORPTION

y = 0,3333x2 - 4,6762x + 21,271
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FLOW RATE VS ADSORPTION TIME

Gas 
Components

Initial molar 
concentration(y

1)

Final(required) 
molar 
concentration(y

2)
H2 0.314 0.80
CO2 0.366 0.15
O2 0.0065 0
N2 0.314 0.05

PARAMETERS UNIT VALUE

𝑽𝒃𝒆𝒅(𝒗𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒃𝒆𝒅) m3 5.4

𝒅(𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓 𝒐𝒇 𝒃𝒆𝒅) m 1.90

𝒍(𝒍𝒆𝒏𝒈𝒕𝒉 𝒐𝒇 𝒃𝒆𝒅) m 5.7

𝒕𝒂𝒅𝒔(𝒓𝒆𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 𝒕𝒊𝒎𝒆 𝒐𝒇 𝒂𝒅𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏hrs 9

𝒕𝒄𝒚𝒄𝒍𝒊𝒄 (𝒓𝒆𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 𝒄𝒚𝒄𝒍𝒊𝒄 𝒕𝒊𝒎𝒆) hrs 13

𝑵𝒐 𝒐𝒇 𝒃𝒆𝒅𝒔 - 3



Fonte Temperature 
°C

Peak specific power  
mW/cm2

(A. Le Gal La Salle) 800 537 20% H2 - 20% CO -

10% CO2 – 50 % N2



Design del set-up di cella

● 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

10% H2 - 90% Ar 10% H2 + 20% CO2- 70% Ar



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

Power density (Ω∙cm-2)

Temperature (°C) 10% H2 - 90% Ar 10% H2 + 20% CO2- 70% Ar

700 8.2 8.8

750 14.4 15.0

800 24.3 23.9

850 37.7 35.1

900 52.7 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
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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↔N2 (ammonia decomp. suppression)

 Area scaling in CRUISE M for numerical stability (1.13→113 cm2, 3→300 cm2)

 State-of-the-art materials (Ni-YSZ/YSZ, same as experimental setups), default current density (2-2.5
A/cm2)

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

Enabled reactions
✓ Reversed Water-Gas shift 
(RWGS)
CO2 + H2 ↔ CO + H2O 
✓ Methane steam reforming 
(MSR)
CH4 + H2O ↔ CO + 3H2

2NH3 ↔ N2 + 3H2

✘Ammonia decomp. rate 
(ADR)

Final Model

Input
Fuel Mixtures

Output
I-V curves for each case

Postprocessing
Cruise M→Matlab ,I-V-P 

curves 
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FIRST SIMULATION SET – EXPERIMENTAL VALIDATION

Validation Results

✅ CO2 reduces maximum power at high T

✅ Performance penalty between the two mixtures ↓ as 
T↓

→ Consistent modeling of activation, ohmic and transport 
losses

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

Left: 0.1H2+0.9N2; Right: 0.1H2+0.2CO2+0.7N2
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FIRST SIMULATION SET – SENSITIVITY ANALYSIS (700°C AND 900°C)

700°C

 Best performances as XH2↑ (XN2↓)
 Base 0.1H2+0.9N2 overtaken by sensitivity CO2-

mix

 0.2H2+0.4CO2+0.4N2 is the best case

 Frequent overlapping at low I

900°C

 Always best performing across all I, clear distinction 
from CO2 mix

 Worst performances, growing as XH2, XCO2 ↑ XN2↓

 Overlapping of intermediate mixtures
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SECOND SIMULATION SET – REVERSIBLE SOFC TO SOEL

• Reverse modeling in CRUISE M with data 
postprocessing

• Cell V increases with I → activation, ohmic, and 
concentration overpotentials effects (reversed SOFC 
case)

• Higher T :

→ lower electrolysis V at any I, due to reduced 
overpotentials

→ same H2 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

✅ Temperature and H2 availability (pure or from SMR) as synergistic key improvement factor

✅ Carrier gas acts as diluent, worsening performance

✅ CO2 acts as diluent and active reactant → dual-sided effect, even competitive in mixtures at low T

✅ RWGS and SMR regulate performance when CH4 or CO2 are present with H2

→ Best improvements and performances obtained with H2-CH4 blends at high T

✅ As T↑, curves become flatter (losses influence) and performance gap generally narrows





Energy model of the fermentation module

Ppompa

ṁric

ṁserb

ṁin

Pelica

gas H2 + CH4 + CO2
M

Ptermica introdotta

Ptermica dissipata

Acqua calda nella camicia

ṁacqua

E୬ୣ୲୲ୟ =  E୮୰୭ୢ୭୲୲ୟ −  (E
୮୭୫୮ୟ

+ Eୣ୪୧ୡୟ + E୲ୣ୰୫൯

E୲ୣ୰୫ =  E୵ୟ୰୫_୳୮ + E୪୭ୱୱ

• Mud/substrate mix feed pump

• Mixing propeller

• Electric resistance for heating the water inside the jacket

For sludge heating To counteract heat
dissipation



Estimation of thermal dissipation
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•Internal tank volume of approximately 480 L, filled to 
approximately 3/5.
•Overall dimensions: maximum height of 1500 mm and maximum 
diameter of 1200 mm. Outer jacket filled with approximately 150 L 
of water-glycol solution, maintained at a temperature of 35 to 40°C.
•Outer jacket thickness of 3 mm and no external insulation.
•Steel inox 316
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How to reduce thermal dissipation
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Since there are no reference standards yet, the following materials are proposed for the model in
question (in compliance with fire classifications):

Glass wool: ki equal to approximately 0.038 W/(m K), non-combustible, no toxic gases in the event of
combustion

Rigid polyurethane foam: ki values   between 0.022 and 0.028 W/(m K), presence of organic material
⇒ must be coupled with a lining of non-combustible or fire-resistant material

Solution with complete insulation of 
the jacket

Solution with lateral insulation of the 
jacket



Global consumption estimation

Elica
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Soluzione iniziale Soluzione con isolamento
completo camicia, Elica
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Soluzione con solo isolamento
laterale camicia, Elica ottimizzata

kWh Energia spesa giornaliera dal secondo giorno
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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.

38.7 kWh

16.8 kWh
19.3 kWh

Riduzione 
del 57%

Riduzione 
del 50%



Energy balance

Parametro Valore

SHP average 58 ± 15 NLH₂/kgTVS

SMP average 1,4 ± 0,9 NLCH4/kgTVS

SGP average 145 ± 28 NL/kgTVS

CH4 1%

H2 39,9%

HPR 0,83 ± 0,21 NL H₂ L⁻¹ reactor d⁻¹

GPR 2,09 ± 0,41 NL H₂ L⁻¹ reactor d⁻¹

•Experimental tests on a pre-pilot plant (45 L)
•SHP performance exceeded the initial project estimates (58.08 
NLH₂/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; 
•reactor heating. 



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



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 (Nm³ CH₄/kg TVS)

Single phase Batch (BMP, potential value) 0,45

Double phase Batch (BMP, potential value) 0,60

Single phase
Semicontinuous (70-75% of 

theoretical)
0,34

Single phase
Semicontinuous (75% of potential 

batch)
0,45

Double phase
Semicontinuous (+15-18% with 

respect to single phase)
0,39-0,40

Caso realistico adottato Semicontinuous double phase 0,40



H2 storage using metahydride technology
Advantages :

Disadvantages : • Tdes > 300°C
• Slow Kinetics

Possible solutions: • Ball milling (nanocrystalline powder with high specific surface area). 
• The addition of elements such as Ni, Ce, Nb, Ti, LaNi₅, 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.

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

Reaction:

• High storage capacity(7.6 wt%);
• Economically substainable
• Safe
• C=270g (3 Nm3) of H2



• The system was immersed in room-temperature water to dissipate 
heat during the hydrogen charging phase.

• Hydrogen was supplied via an electrolyzer, with a progressive 
increase in pressure from 5 to 10 bar.

• 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 
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.

• To accelerate the discharging phase in future tests, immersion in 
warm water (≤ 55°C) is recommended.



•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 kWh/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

• The study was conducted according to ISO 14040:2006 and ISO 
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.

• H₂ purification is the most energy-intensive stage and contributes the 
most to Global Warming Potential (GWP).

• Higher H₂ 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.



Life Cycle Assessment

Summary of LCA results: hydrogen via dark fermentation.

Parameter Value Notes

GWP SOFC (20% H₂) 4.15 kg CO₂eq/kWh -

GWP SOFC (50% H₂) 2.82 kg CO₂eq/kWh
Higher efficiency leads to lower 

emissions.

GWP SOFC (efficienza 44.8%) 4.66 kg CO₂eq/kWh
Increase in emissions due to lower 

efficiency (RWSH effect)

GWP PEMFC (20% H₂) 6.96 kg CO₂eq/kWh Higher impact compared to SOFC

GWP PEMFC (50% H₂) 4.60 kg CO₂eq/kWh
Improved performance with 

higher-purity hydrogen

Consumo acqua SOFC (20% 
H₂)

0.0657 m³/kWh
It increases up to 0.0815 m³/kWh 

under reduced efficiency 
conditions

Consumo acqua PEMFC (20% 
H₂)

0.0832 m³/kWh -

• 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 CO₂ tolerance.

• Higher H₂ concentration → reduction in GWP and 
resource consumption.

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



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 AI, 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

• 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.


