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 Hydrogen as green Fuel for Energy transition

 Hydrogen Storage and Transport limitations: Ammonia as potential Hydrogen carrier

 Ammonia cracking Process: problems and limitaions

 Advanced Kinetic modelling on custom made Ruthenium based catalyst

• Experimental campaign and data collection

• Kinetic modelling: Fitting and Validation

 Outlook & future Work
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Different methods of storage

 Pressured reservoirs (gasous)

 Criogenich reservoir(Liquid)

 Chemical Storage

 Physical Sorption

 Chemical Sorption

Storage problem of renwable energy:

ꭗ Fluctuation in production

ꭗ Storage and capacity of batteries

ꭗ Long term storage

 Hydrogen Production

Green production from renewable

energetic sources

 Solar energy

 Nuclear energy

 Aeolian energy

[1] Qureshi et al. – A State-of-The-Art Review on the Latest trends in Hydrogen production, storage, and transportation techniques – Fuel, 340. 127574, 1-18 (2023)
[2] Trung et al. –The current status of hydrogen energy: an overview – Royal Society of Chemistry,13, 28262-28287 (2023)
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[1] Qureshi et al. – A State-of-The-Art Review on the Latest trends in Hydrogen production, storage, and transportation techniques – Fuel, 340. 127574, 1-18 (2023)
[2] Trung et al. –The current status of hydrogen energy: an overview – Royal Society of Chemistry,13, 28262-28287 (2023)
[3] Aziz et al. – Ammonia as Hydrogen storage: A review on production, Storage and Utilization – Energies, 13. 3062, 1-25 (2020)

Generation:

 Renewable energy (solar, wind) →

electrolysis → green H2

 Air separation provides N2 for

ammonia synthesis

Synthesis:

 In situ ammonia synthesis

 Ammonia storage and shipment

 Usage

 Onboard hydrogen production via

ammonia cracking

 Hydrogen usage: Fuel cells and

pilot gas for ammonia combustion

engines
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Ammonia cracking conventional reactor 
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Packed Bed Reactor(PBR)

 well-established technology on industrial scale

 Operates near atmospheric pressure, which is thermodynamically

favorable for ammonia cracking reaction

 Lower cost, robust, and easily scalable for large industrial systems

Х Requires downstream purification units to obtain pure H2

Х Limited by thermodynamic equilibrium. Is impossible remove H₂

during reaction. Process intensification not possible!!

Sep-Tech Conference
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Ammonia cracking New reactor 
technology
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Packed Bed Membrane Reactor(PBMR)

 Integrates reaction and in situ H₂ separation via Pd based membranes

 In–Situ Hydrogen separation | Production: High-Purity H₂

 process intensification: Equilibrium is shifted due to Hydrogen removal

from retentate side

Х Pressure gradient (ΔP) from retentate to permeate side is required

to drive H₂ permeation

Х higher retentate pressure is thermodynamically unfavorable for

ammonia cracking reaction

Sep-Tech Conference
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Х Ammonia cracking: Energy demand process

 New (PBMR) reactor technology  New generation Catalyst (Ru-based catalyst)
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The main objective of this work is to develop an advanced kinetic model for the best Ru-based catalyst (PR024)

synthesized in our facilities.

The kinetic model aims to:

 Capture the key kinetic behavior of the catalytic system at different pressures and temperatures.

 Provide a predictive mathematical description to support reactor design and process optimization.

 Facilitate the scale-up of PBMR unit

The kinetic model should be sufficiently robust and reliable to be implemented in a packed-bed

membrane reactor (PBMR) model.

Sep-Tech Conference
Eindhoven, 23-10-2025



Funded by the 
European Union Investigation Procedure for Kinetic Model 

Development 
Catalyst Reduction and
Chemical Activation Long Term Test

Mass Transfer
Limitations

Activity Tests Advanced Kinetic
Modeling-Fitting

ValidationKinetic Tests

9Disclosure or reproduction without prior permission of APOLO project is prohibited. 9Disclosure or reproduction without prior permission of APOLO project is prohibited.
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 How estimate External mass Transfer limitations experimentally?

 Different flow rates
 Adaptation of the catalyst bed volume

with the increasing of the flow rate
 Keep the Space velocity constant

10Disclosure or reproduction without prior permission of APOLO project is prohibited.

Objective: Find the perfect fluid-dynamic regime in which there are no concentration gradients in the boundary
layer outside the catalyst particle.

Experimental procedure:

Sep-Tech Conference
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External Mass Transfer Limitations
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External mass transfer limitations - Test 1
Mass Sample 0.1 g
Particle size 150-250 µm
Feed (NH3) 50 Nml min-1

GHSV 30000 Nml g(cat)
-1 h-1

External mass transfer limitations - Test 2
Mass Sample 0.2 g
Particle size 150-250 µm
Feed (NH3) 100 Nml min-1

GHSV 30000 Nml g(cat)
-1 h-1

External mass transfer limitations - Test 3
Mass Sample 0.1 g
Particle size 150-250 µm
Feed (NH3) 100 Nml min-1

GHSV 60000 Nml g(cat)
-1 h-1

External mass transfer limitations - Test 4
Mass Sample 0.2 g
Particle size 150-250 µm
Feed (NH3) 200 Nml min-1

GHSV 60000 Nml g(cat)
-1 h-1

Sep-Tech Conference
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 How estimate Internal mass Transfer limitations experimentally?

 Investigation of catalyst performance
using different particle diameters

 Using the same residence time which
ensure no concertation gradient in
boundary layer

12Disclosure or reproduction without prior permission of APOLO project is prohibited.

Objective: Once the fluid-dynamic regime with no concentration gradients in the boundary layer is established,
the goal is to identify an optimal particle size distribution for kinetic tests, ensuring that pore diffusion of
reactants in the porous media is faster than the reaction rate.

Experimental procedure:

Sep-Tech Conference
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Internal mass transfer limitations - Test 1

Mass Sample 0.1 g

Particle size 150-250 µm

Feed (NH3) 100 Nml min-1

GHSV 60000 Nml g(cat)
-1 h-1

Internal mass transfer limitations - Test 2

Mass Sample 0.2 g

Particle size 150-250 µm

Feed (NH3) 200 Nml min-1

GHSV 60000 Nml g(cat)
-1 h-1

Sep-Tech Conference
Eindhoven, 23-10-2025



Funded by the 
European Union

Mass Transfer Limitations Theoretical 
Evaluation

External mass transfer limitations 

Damkoler Number 𝜂𝜂 𝐷𝐷𝑎𝑎0 =
𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎

𝑘𝑘𝑐𝑐𝑎𝑎C𝑁𝑁𝑁𝑁3,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝐷𝐷𝑎𝑎0<<1

Effectivness Factor (External) 𝜂𝜂 =
𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎

1 + 𝐷𝐷𝑎𝑎0
𝜂𝜂 ≈ 1

Internal mass transfer limitations 

Weisz – Prater number 𝑁𝑁𝑊𝑊𝑊𝑊 =
𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑅𝑅𝑝𝑝2

𝐶𝐶𝑆𝑆,𝐴𝐴𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒
𝑁𝑁𝑊𝑊𝑊𝑊 <<1

Thiele Modulus 𝜙𝜙 = 𝑅𝑅𝑝𝑝
𝑘𝑘

𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒
𝜙𝜙 <<1

Effectivness Factor (Internal) 𝜂𝜂(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) =
3
𝜙𝜙 2

𝜙𝜙
tanh 𝜙𝜙 − 1 𝜂𝜂(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) ≈ 1

 How to assess External and Internal mass transfer limitations theoretically  

14Disclosure or reproduction without prior permission of APOLO project is prohibited.
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Kinetic Test - Data collection

Kinetic Tests 
Catalyst bed Properties

Mass Sample 0.1 g
Particle size 150-250 µm
Catalyst/SiC 1:5 -

Working Conditions
Feed (NH3) 100 Nml min-1

GHSV 60000 Nml g(cat)
-1 h-1

15Disclosure or reproduction without prior permission of APOLO project is prohibited.
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Kinetic modelling - Temperature 
dependency

Experimental Parameters assuming only Temperature 
dependency

Pressure 𝒌𝒌𝟎𝟎 (mmol MPa g(cat)
-1s-1) 𝑬𝑬𝒂𝒂(KJ mmol-1) R2 

(%)

0bar(g) 3.490·105 -79421.15 1

2bar(g) 3.920·105 -80639.15 1

4bar(g) 2.455·105 -78595.57 1

6bar(g) 2.499·105 -78972.19 1

16Disclosure or reproduction without prior permission of APOLO project is prohibited.

 Define the apparent activation energy (𝑬𝑬𝒂𝒂) and pre-
exponential factor (𝒌𝒌0)

Why investigate temperature dependency of experimental data usins Aarrhenius correlation?

 Using these values as initial values for the kinetic fitting
simulation

 Different values at different pressure ensure also proper
bounds into which the mathematical simulation can describe
the physical meaning of the obtained experimental result

Sep-Tech Conference
Eindhoven, 23-10-2025
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Kinetic Fitting Equations

𝑍𝑍 𝑍𝑍 + ∆Z

𝑧𝑧

𝜀𝜀 · 𝜌𝜌𝑓𝑓 · 𝐶𝐶𝐶𝐶𝑓𝑓 + 1 − 𝜀𝜀 · 𝜌𝜌𝑠𝑠· 𝐶𝐶𝐶𝐶𝑠𝑠
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+v · 𝜀𝜀𝜌𝜌𝑓𝑓 · 𝐶𝐶𝐶𝐶𝑓𝑓
𝜕𝜕𝑇𝑇
𝜕𝜕𝑧𝑧
− 𝜕𝜕

𝜕𝜕𝜕𝜕
𝜆𝜆𝑎𝑎𝑧𝑧

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= Ḣ𝑟𝑟

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵:

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵:

𝜕𝜕𝑐𝑐𝑁𝑁𝑁𝑁3
𝜕𝜕𝑡𝑡

+
𝜕𝜕
𝜕𝜕𝜕𝜕 ν � 𝑐𝑐𝑁𝑁𝑁𝑁3 +

Ɗ𝐴𝐴𝐴𝐴𝜕𝜕 𝑐𝑐𝑁𝑁𝑁𝑁3
𝜕𝜕𝜕𝜕

= 𝑟𝑟𝑁𝑁𝑁𝑁3

17Disclosure or reproduction without prior permission of APOLO project is prohibited.

Kinetic Law - Temkin Pyzhev 

Temkin Pyzhev 𝑟𝑟𝑁𝑁𝑁𝑁3 = 𝑘𝑘
𝑃𝑃𝑁𝑁𝑁𝑁3
2

𝑃𝑃𝐻𝐻2
3

𝛽𝛽

−
𝑃𝑃𝑁𝑁2
𝐾𝐾𝑒𝑒𝑒𝑒2

𝑃𝑃𝐻𝐻2
3

𝑃𝑃𝑁𝑁𝑁𝑁3
2

1−𝛽𝛽

Kinetic law - Langmuir Hinshelwood Kinetic law

Hp 1:Rate determining step - N Desorption
Hp 2:Dominant species on the surface – (N) 𝑟𝑟𝑁𝑁𝑁𝑁3 = 𝑘𝑘

𝑃𝑃𝑁𝑁𝑁𝑁3
2 −

𝑃𝑃𝐻𝐻2
3 � 𝑃𝑃𝑁𝑁2
𝐾𝐾𝑃𝑃

𝑃𝑃𝐻𝐻2
3 +

6
𝐾𝐾σ � 𝑃𝑃𝐻𝐻2

2
2

Hp 1:Rate determining step - N Desorption
Hp 2:Dominant species on the surface – (H)

𝑟𝑟𝑁𝑁𝑁𝑁3 = 𝑘𝑘
𝐾𝐾𝑃𝑃 � 𝑃𝑃𝑁𝑁𝑁𝑁3

2 − 𝑃𝑃𝐻𝐻2
3 � 𝑃𝑃𝑁𝑁2

6
𝑃𝑃𝐻𝐻2

3 +
6
𝐾𝐾σ � 𝑃𝑃𝑁𝑁𝐻𝐻3

2
6

Hp 1:Rate determining step - H Desorption
Hp 2:Dominant species on the surface – (H)

𝑟𝑟𝑁𝑁𝑁𝑁3 = 𝑘𝑘

𝐾𝐾𝑃𝑃 � 𝑃𝑃𝑁𝑁𝑁𝑁3
2

𝑃𝑃𝑁𝑁2
− 𝑃𝑃𝐻𝐻2

3

1 +
6
𝐾𝐾σ �

𝑃𝑃𝑁𝑁𝑁𝑁3
2

𝑃𝑃𝑁𝑁2

6

 Based on the experimental results the thermal management of the
reactor was perfectly kept in Isothermal conditions.

Considerations:

Kinetic Tests 
Catalyst bed Properties

Mass Sample 0.1 g
Particle size (PSD) 150-250 µm

Catalyst/SiC 1:5 -
Working Conditions

Feed (NH3) 100 Nml min-1

GHSV 60000 Nml g(cat)
-1 h-1

Sep-Tech Conference
Eindhoven, 23-10-2025
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𝑍𝑍 𝑍𝑍 + ∆Z

𝑧𝑧
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Kinetic model validation: Equations and 
PBR configuration

𝜀𝜀 · 𝜌𝜌𝑓𝑓 · 𝐶𝐶𝐶𝐶𝑓𝑓 + 1 − 𝜀𝜀 · 𝜌𝜌𝑠𝑠· 𝐶𝐶𝐶𝐶𝑠𝑠
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+v · 𝜀𝜀𝜌𝜌𝑓𝑓 · 𝐶𝐶𝐶𝐶𝑓𝑓
𝜕𝜕𝑇𝑇
𝜕𝜕𝑧𝑧
− 𝜕𝜕

𝜕𝜕𝜕𝜕
𝜆𝜆𝑎𝑎𝑧𝑧

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= Ḣ𝑟𝑟

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵:

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵:

𝜕𝜕𝑐𝑐𝑁𝑁𝑁𝑁3
𝜕𝜕𝑡𝑡

+
𝜕𝜕
𝜕𝜕𝜕𝜕 ν � 𝑐𝑐𝑁𝑁𝑁𝑁3 +

Ɗ𝐴𝐴𝐴𝐴𝜕𝜕 𝑐𝑐𝑁𝑁𝑁𝑁3
𝜕𝜕𝜕𝜕

= 𝑟𝑟𝑁𝑁𝑁𝑁3
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Kinetic Law - Temkin Pyzhev 

Temkin Pyzhev 𝑟𝑟𝑁𝑁𝑁𝑁3 = 𝑘𝑘
𝑃𝑃𝑁𝑁𝑁𝑁3
2

𝑃𝑃𝐻𝐻2
3

𝛽𝛽

−
𝑃𝑃𝑁𝑁2
𝐾𝐾𝑒𝑒𝑒𝑒2

𝑃𝑃𝐻𝐻2
3

𝑃𝑃𝑁𝑁𝑁𝑁3
2

1−𝛽𝛽

Kinetic law - Langmuir Hinshelwood Kinetic law

Hp 1:Rate determining step - N Desorption
Hp 2:Dominant species on the surface – (N) 𝑟𝑟𝑁𝑁𝑁𝑁3 = 𝑘𝑘

𝑃𝑃𝑁𝑁𝑁𝑁3
2 −

𝑃𝑃𝐻𝐻2
3 � 𝑃𝑃𝑁𝑁2
𝐾𝐾𝑃𝑃

𝑃𝑃𝐻𝐻2
3 +

6
𝐾𝐾σ � 𝑃𝑃𝐻𝐻2

2
2

Hp 1:Rate determining step - N Desorption
Hp 2:Dominant species on the surface – (H)

𝑟𝑟𝑁𝑁𝑁𝑁3 = 𝑘𝑘
𝐾𝐾𝑃𝑃 � 𝑃𝑃𝑁𝑁𝑁𝑁3

2 − 𝑃𝑃𝐻𝐻2
3 � 𝑃𝑃𝑁𝑁2

6
𝑃𝑃𝐻𝐻2

3 +
6
𝐾𝐾σ � 𝑃𝑃𝑁𝑁𝐻𝐻3

2
6

 Not possible keep Isothermal conditions (Axial temperature gradients)

Considerations:

Catalyst bed Properties
Parameter Activity Test Kinetic Test Unit

Mass Sample 1 0.1 g
Particle size (PSD) 150-250 150-250 µm

Catalyst/SiC 1:5 1:5 -
Working Conditions

Feed (NH3) 100 100 Nml min-1

GHSV 6000 60000 Nml g(cat)
-1 h-1

 Using 1 g of catalyst the reactor length was 10 times bigger than the
one used for kinetic tests.

Kinetic Bed Activity Bed

Sep-Tech Conference
Eindhoven, 23-10-2025
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Activity Tests
Catalyst bed Properties

Mass Sample 1 g
Particles size 150-250 µm
Catalyst/SiC 1:5 -

Working Conditions
Feed (NH3) 100 Nml min-1

GHSV 6000 Nml g(cat)
-1 h-1
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Conclusions:

Outlooks:

 Experimental campaign on custom made Ruthenium catalyst was assessed

 Mass transfer limitations investigation was made

Experiments

Kinetic modelling

 A custom-made reactor unit was design for the catalytic tests

 Kinetic fitting based on experimental results was made and a custom-made kinetic law
(Langmuir –Hinshelwood) was obtained

 Kinetic model validation using an independent set of data was successfully carried out

 Reactor scale up
 Custom made permeation model development on Pd base membrane

Sep-Tech Conference
Eindhoven, 23-10-2025
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