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Teesside may be the ‘Hydrogen Basket’ of the UK
(arguably) , BUT….

• Hydrogen from natural gas is the existing economical option 

• It is clearly NOT a long-term solution  eventually we all have to move to GREEN

• But we can significantly limit the damage by Carbon Capture/ Storage [BLUE H2] and/or …. 
simply lower the CO2 footprint by …… I daresay, 30% BY  PROCESS INTENSIFICATION?!

CH4 + H2O <=> CO + 3 H2
CO + H2O <=> CO2 + H2
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The roots of process intensification (PI) extend back at least to the 1970s, when process developers 
sough different configurations and design principles  - to transform Chemical Industry i.e., optimize 
processes by lowering costs, save on energy etc. (https://www.aiche.org/rapid/about)

Therefore, there were huge advances, viz. Heat Exchanger networking (and Pinch Technology), Higher 
Catalyst Selectivity, Advanced Process Controls; PI goes BEYOND all these. 

For example:
• Advances in hardware and control strategies to combine multiple process steps into a single unit (e.g., membrane 

reactors for reactive separation to deal with chemical equilibrium constraints). Such processes have the potential to 
reduce capital costs through a reduction in process steps and also the potential to improve energy efficiency by 
reducing recycle streams and improving on heat/mass transfer inefficiencies created by the use of stand-alone 
process steps.

• Application of significantly enhanced driving forces — both chemical and physical — to drive chemical and transport 
processes. e.g., non-traditional energy sources to drive heat, mass, and momentum transport (e.g., ultrasonic mixing, 
microwave heating, etc.).

Process Intensification (PI) – what it entails?
RAPID - Rapid Advancement in Process Intensification Deployment; Setup by US DOE in 2016

https://www.aiche.org/rapid/about


High purity Hydrogen production, 
in one step – at much lower 
temperatures
i. Lower CAPEX, removal of 

PSA, WGS Steps
ii. Lower T operation, Lower 

heat load on the furnace 
Lower CO2 from flue gas

As in any Endothermic Reaction

Improved 
Catalysis

Effect of 
equilibrium 
shifts



 100% perm-selective membrane + 
Fixed Bed reactor

 Mathematical model to –
 Simulate a base case Fixed bed Reactor 

(FBR)
 Simulate the PBR with the Catalytic 

membrane reactor (CMR) – track the 
enhanced reactor performance

 Efficacy of the CMR vs SMR (FBR) in 
enhancing the hydrogen production

 Heat duty calculations – Estimate 
Heat Duty in furnace

 Estimate possible reduction in CO2
emissions, by usage of the CMR

Reactor Simulations/ Modeling

Fixed Bed (FBR)

Fixed Bed with 
Membrane (FBR-CMR)

Inorganic Membranes, Synthesis, 
Characterization, and Applications
Ed: Mallada, Menendez
Mem. Sc. Tech. Ser. 13
Pub: Elsevier



ODE, solved using Runge-Kutta 4th-order method in MATLAB

Model Formulation (FBR)

At x = 0, Inlet:

𝐹𝐹𝐶𝐶𝐻𝐻4 = 𝐹𝐹0𝐶𝐶𝐻𝐻4; 𝐹𝐹𝐻𝐻2𝑂𝑂 = 𝑚𝑚 𝐹𝐹𝐶𝐶𝐻𝐻4,0

m, being steam to carbon ratio 

Model Formulation (FBR, with CMR)

X=0

1. Isothermal model - Temperature remains 
constant Tout=Tinlet

2. Constant surface area of contact Ac
3. Negligible pressure drop across membrane, 

radial; small quantified ΔP axial
4. Steady State 
5. Axial diffusion is neglected; Radial diffusion 

neglected
6. Membrane 100% permselective to H2 gas

CH4,H2O,CO,CO2,H2

CH4,H2O,CO,CO2,H2

CH4,H2O,CO,CO2,H2

H2 Permeation 
zone

Sweep gas

Catalyst Particles

dv

X=0 X
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CH4,H2O,CO,
CO2,H2L
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𝐴𝐴𝐶𝐶 (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐶𝐶𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐶𝐶𝐴𝐴) = 𝜋𝜋 𝐴𝐴𝑖𝑖 − 𝐴𝐴𝑡𝑡 + 𝛿𝛿 2



𝑫𝑫𝑫𝑫𝑫𝑫 = 𝟏𝟏 + 𝑲𝑲𝑯𝑯𝟐𝟐𝑷𝑷𝑯𝑯𝟐𝟐 + 𝑲𝑲𝑪𝑪𝑯𝑯𝟒𝟒𝑷𝑷𝑪𝑪𝑯𝑯𝟒𝟒 + 𝑲𝑲𝑪𝑪𝑪𝑪𝑷𝑷𝑪𝑪𝑪𝑪 +
𝑲𝑲𝑯𝑯𝟐𝟐𝑪𝑪𝑷𝑷𝑯𝑯𝟐𝟐𝑪𝑪

𝑷𝑷𝑯𝑯𝟐𝟐

𝑑𝑑𝑑𝑑𝐶𝐶𝐻𝐻4
𝑑𝑑𝑑𝑑

= 𝜌𝜌𝐵𝐵𝐴𝐴𝑐𝑐𝐿𝐿
𝐹𝐹𝑜𝑜𝐶𝐶𝐻𝐻4

(𝐴𝐴1 + 𝐴𝐴𝟐𝟐) …1

𝑑𝑑𝐹𝐹𝐶𝐶𝑂𝑂2
𝑑𝑑𝑑𝑑

= 𝐴𝐴2 𝜌𝜌𝐵𝐵𝐴𝐴𝑐𝑐𝐿𝐿 … 2

𝑑𝑑𝐹𝐹𝐶𝐶𝑂𝑂
𝑑𝑑𝑑𝑑

= (𝐴𝐴1 − 𝐴𝐴2) 𝜌𝜌𝐵𝐵𝐴𝐴𝑐𝑐𝐿𝐿 … 3

𝑑𝑑𝐹𝐹𝐻𝐻2𝑂𝑂
𝑑𝑑𝑑𝑑

= − 𝐴𝐴1 + 𝐴𝐴2 𝜌𝜌𝐵𝐵𝐴𝐴𝑐𝑐𝐿𝐿 … 4

𝑑𝑑𝐹𝐹𝐻𝐻2 {𝐑𝐑}

𝑑𝑑𝑑𝑑
= 𝟑𝟑𝐴𝐴1 + 𝐴𝐴2 𝜌𝜌𝐵𝐵𝐴𝐴𝑐𝑐𝐿𝐿 … 5

𝒓𝒓𝟏𝟏 =

𝒌𝒌𝟏𝟏
𝑷𝑷𝟐𝟐.𝟓𝟓

𝑯𝑯𝟐𝟐
(𝑷𝑷𝑪𝑪𝑯𝑯𝟒𝟒𝑷𝑷𝑯𝑯𝟐𝟐𝑪𝑪 −

𝑷𝑷𝑯𝑯𝟐𝟐
𝟑𝟑𝑷𝑷𝑪𝑪𝑪𝑪
𝑲𝑲𝟏𝟏

)

𝑫𝑫𝑫𝑫𝑫𝑫𝟐𝟐

𝒓𝒓𝟐𝟐 =

𝒌𝒌𝟐𝟐
𝑷𝑷𝑯𝑯𝟐𝟐

(𝑷𝑷𝑪𝑪𝑪𝑪𝑷𝑷𝑯𝑯𝟐𝟐𝑪𝑪 −
𝑷𝑷𝑯𝑯𝟐𝟐𝑷𝑷𝑪𝑪𝑪𝑪𝟐𝟐

𝑲𝑲𝟐𝟐
)

𝑫𝑫𝑫𝑫𝑫𝑫𝟐𝟐

Rate of reaction definitions which are derived by Xu and Froment
(1989), to study the two main reactions involved along with the 
third overall reaction as:

Fixed Bed Reactor Equations
No Membrane setup

The Ac in this case is only cross section of the tube

Xu.J, F. et al.(1989). Methane steam reforming and water gas shift intrinsic 
kinetics. AIChE journal, 35-88.

𝐶𝐶𝐶𝐶4 + 𝐶𝐶2𝑂𝑂 → 3𝐶𝐶2 + 𝐶𝐶𝑂𝑂 ∆H298 = 206 kJ/mol (1)

𝐶𝐶𝑂𝑂 + 𝐶𝐶2𝑂𝑂 → 𝐶𝐶2 + 𝐶𝐶𝑂𝑂2 ∆H298 = − 41 kJ/mol (2)
𝐶𝐶𝐶𝐶4 + 2𝐶𝐶2𝑂𝑂 → 4𝐶𝐶2 + 𝐶𝐶𝑂𝑂2 ∆H298 = 165 kJ/mol
Overall reaction

(3)

𝑧𝑧
𝐿𝐿

= 𝑑𝑑, Dimensionless distance, axial; 𝜌𝜌𝐵𝐵= Density of the catalyst Bed 
L, length of the reactor

Where the rates, ri are in Mol/ g. s



𝑑𝑑𝑑𝑑𝐶𝐶𝐻𝐻4
𝑑𝑑𝑑𝑑

= 𝜌𝜌𝐵𝐵𝐴𝐴𝑐𝑐𝐿𝐿
𝐹𝐹𝑜𝑜𝐶𝐶𝐻𝐻4

(𝐴𝐴1 + 𝐴𝐴𝟐𝟐) …1

𝑑𝑑𝐹𝐹𝐶𝐶𝑂𝑂2
𝑑𝑑𝑑𝑑

= 𝐴𝐴2 𝜌𝜌𝐵𝐵𝐴𝐴𝑐𝑐𝐿𝐿 … 2
𝑑𝑑𝐹𝐹𝐶𝐶𝑂𝑂
𝑑𝑑𝑑𝑑

= (𝐴𝐴1 − 𝐴𝐴2) 𝜌𝜌𝐵𝐵𝐴𝐴𝑐𝑐𝐿𝐿 … 3

𝑑𝑑𝐹𝐹𝐻𝐻2𝑂𝑂
𝑑𝑑𝑑𝑑

= − 𝐴𝐴1 + 𝐴𝐴2 𝜌𝜌𝐵𝐵𝐴𝐴𝑐𝑐𝐿𝐿 … 4
𝑑𝑑𝐹𝐹𝐻𝐻2 {𝐑𝐑}

𝑑𝑑𝑑𝑑
= 𝟑𝟑𝐴𝐴1 + 𝐴𝐴2 𝜌𝜌𝐵𝐵𝐴𝐴𝑐𝑐𝐿𝐿 − 𝐽𝐽. 𝐿𝐿.𝜋𝜋𝑑𝑑𝑖𝑖 … 5 

Hydrogen on retentate side

𝑑𝑑𝐹𝐹𝐻𝐻2 {𝐏𝐏}

𝑑𝑑𝑑𝑑
= 𝐽𝐽. 𝐿𝐿.𝜋𝜋𝑑𝑑𝑜𝑜 … 6

Hydrogen on permeate side

𝑫𝑫𝑫𝑫𝑫𝑫 = 𝟏𝟏 + 𝑲𝑲𝑯𝑯𝟐𝟐𝑷𝑷𝑯𝑯𝟐𝟐 + 𝑲𝑲𝑪𝑪𝑯𝑯𝟒𝟒𝑷𝑷𝑪𝑪𝑯𝑯𝟒𝟒 + 𝑲𝑲𝑪𝑪𝑪𝑪𝑷𝑷𝑪𝑪𝑪𝑪 +
𝑲𝑲𝑯𝑯𝟐𝟐𝑪𝑪𝑷𝑷𝑯𝑯𝟐𝟐𝑪𝑪

𝑷𝑷𝑯𝑯𝟐𝟐

𝒓𝒓𝟏𝟏 =

𝒌𝒌𝟏𝟏
𝑷𝑷𝟐𝟐.𝟓𝟓

𝑯𝑯𝟐𝟐
(𝑷𝑷𝑪𝑪𝑯𝑯𝟒𝟒𝑷𝑷𝑯𝑯𝟐𝟐𝑪𝑪 −

𝑷𝑷𝑯𝑯𝟐𝟐
𝟑𝟑𝑷𝑷𝑪𝑪𝑪𝑪
𝑲𝑲𝟏𝟏

)

𝑫𝑫𝑫𝑫𝑫𝑫𝟐𝟐

𝒓𝒓𝟐𝟐 =

𝒌𝒌𝟐𝟐
𝑷𝑷𝑯𝑯𝟐𝟐

(𝑷𝑷𝑪𝑪𝑪𝑪𝑷𝑷𝑯𝑯𝟐𝟐𝑪𝑪 −
𝑷𝑷𝑯𝑯𝟐𝟐𝑷𝑷𝑪𝑪𝑪𝑪𝟐𝟐

𝑲𝑲𝟐𝟐
)

𝑫𝑫𝑫𝑫𝑫𝑫𝟐𝟐

Rate of reaction definitions which are derived by Xu and Froment
(1989), to study the two main reactions involved along with the 
third overall reaction as:

Fixed Bed Reactor with Pd-Ag 
membrane

The Ac in this case is only cross section of the tube

Xu.J, F. et al.(1989). Methane steam reforming and water gas shift intrinsic 
kinetics. AIChE journal, 35-88.

𝐶𝐶𝐶𝐶4 + 𝐶𝐶2𝑂𝑂 → 3𝐶𝐶2 + 𝐶𝐶𝑂𝑂 ∆H298 = 206 kJ/mol (1)

𝐶𝐶𝑂𝑂 + 𝐶𝐶2𝑂𝑂 → 𝐶𝐶2 + 𝐶𝐶𝑂𝑂2 ∆H298 = − 41 kJ/mol (2)
𝐶𝐶𝐶𝐶4 + 2𝐶𝐶2𝑂𝑂 → 4𝐶𝐶2 + 𝐶𝐶𝑂𝑂2 ∆H298 = 165 kJ/mol
Overall reaction

(3)

𝑧𝑧
𝐿𝐿

= 𝑑𝑑, Dimensionless distance, axial; 𝜌𝜌𝐵𝐵= Density of the catalyst Bed 
L, length of the reactor

Where the rates, ri are in Mol/ g. s



Extending Mass balance to Catalytic Membrane Configuration
Parameter Value Units
Catalyst density 2530 Kg/m3

Catalyst bed 
porosity 0.5

Reactor tube 
length 50 cm

Reactor Inner 
diameter 2 cm

Tube inner 
diameter 1.02 cm

Membrane 
thickness 5-50 μm

Gallucci. F. P. et al.; Ind. Eng. Chem. Res. 2006, 45, 2994-3000.

𝑃𝑃𝑠𝑠𝐴𝐴𝑚𝑚𝑠𝑠𝐴𝐴𝑃𝑃𝑠𝑠𝐴𝐴𝑠𝑠𝑠𝑠𝑃𝑃 𝑄𝑄𝐻𝐻2 = 𝑄𝑄𝑜𝑜 exp[
−𝐸𝐸𝑝𝑝
𝑅𝑅𝑅𝑅

]
Q0 represents the permeability co-efficient and Ep is the activation energy of permeation 
which is depend on the enthalpy of sorption and diffusion activation energy. 

𝐽𝐽,𝐹𝐹𝐴𝐴𝐴𝐴𝐹𝐹𝐻𝐻2 = 𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑
𝐀𝐀𝐀𝐀𝐑𝐑𝐑𝐑

=
𝐐𝐐𝐻𝐻2
𝛅𝛅
∆(√𝑃𝑃𝐻𝐻2)

The basic Sievert’s law equation
∆(√𝑃𝑃𝐻𝐻2) =  𝑃𝑃𝐻𝐻2,𝐑𝐑 - 𝑃𝑃𝐻𝐻2,𝐏𝐏

This can be substituted into 
Equations 5, 6, in previous page

Ideally, you have 2 adjustable parameters, Qo,
ad Ep for Permeability, which can be obtained 
by Lab Scale Data (But we have used values 
from Gallucci’s experimental work.

𝑄𝑄𝑜𝑜

Gallucci’s expts done at 5-10 bar(a) pressure on Shell side; tube side close to 1 bar(a)
Isothermally done experiments



Simulations – are well representative of experiments; 
Comparison with Gallucci’s data

All results of model are compared with 
experiments at 5 bar pressure catalyst side, 
300-450oC temperature, steam to carbon 
ratio of 3 and with 50 cm reactor length. 

CMR is modelled with permeate side 
pressure of 1.1 bar (tube side) with sweep to 
feed ratio of 2 and 20 μm membrane 
thickness which are followed up on (Gallucci 
et al., 2006) industrial case study data. 

Validation of Kinetics values, used 
in the simulation by comparison 
with experimental data



Mole fractions (retentate side) CMR at 923K, 5 bar with FCH4,O= 0.01 
mol/min vs reactor dimensionless length z

L
with L=50 cm.



Pressure drop across the length of the reactor is modelled with the use of Ergun equation to develop a differential
system as:

𝑑𝑑𝑃𝑃
𝑑𝑑𝑑𝑑

= −𝐿𝐿 𝑓𝑓𝑣𝑣 𝐺𝐺𝑧𝑧
𝜇𝜇𝑚𝑚𝑖𝑖𝑚𝑚

𝜌𝜌𝑚𝑚𝑖𝑖𝑚𝑚𝐷𝐷2𝑝𝑝
1 − 𝜀𝜀 2

𝜀𝜀3

𝑓𝑓𝑣𝑣 = 150 + 1.75
𝑅𝑅𝑠𝑠𝑝𝑝

1 − 𝜀𝜀

𝐺𝐺𝑧𝑧 = ∑𝑖𝑖 𝐹𝐹𝑖𝑖
𝐴𝐴𝑐𝑐

; Mass Velocity, kg/s m2

Pressure Drop Checks – Ergun Equation, for laboratory data 
simulations

Operating at 5 bar provides only 0.5% and 1.2 
bar gives 0.1% pressure drops, therefore the 
effect of this parameter is negligible in the 
simulation 



Comparison between thermodynamic equilibrium methane conversion and model results 
of FBR and CMR at different temperature K with 5 bar, m=3 and 𝐅𝐅𝐂𝐂𝐇𝐇𝟒𝟒,𝐎𝐎= 0.01 mol/min

Demonstrates, with sufficient 
residence time, Equilibrium values 
are achievable using existing 
kinetic equations as well.

Also shows that CMR simulations 
show ‘dynamic equilibrium’, as 
significantly higher than the 
equilibrium, as predicated from 
the Gibbs Reactor Model



Comparing w Data in Literature Kikuchi et al. appear to have 
made max progress in terms 
of choice of membranes and 
operating conditions; Almost 
100% SMR achievable at 
500oC

Ref: 
Inorganic Membranes, Synthesis, 
Characterization, and Applications

Ed: Mallada, Menendez, Mem. Sc. Tech. 
Ser. 13; Pub: Elsevier



Higher the flow rate of sweep gas, lower the partial 
pressure of H2 in Permeate, which means higher driving 
force for permeation to occur; 

Enhancement in Methane Conversion  higher 
throughput of Hydrogen as well; most effective at lower 
conversion levels

Hydrogen recovery  % of Hydrogen 
emerging on Permeate side, compared 
to total Hydrogen production = 
FH2,P/(FH2,P+ FH2,R)

82 to 97% recovery of H2 as Conversion 
of Methane increases from 20 to 100% 



CMR’s conversion curve shifts higher 
up at higher pressure (retentate) 
conditions – higher pressure drives 
higher H2 Fluxes, leads to higher 
conversions

On the other hand, FBR results have 
the opposite effect of pressure 
where the methane conversion 
curve shifts to lower values at higher 
pressure conditions – closer to 
equilibrium conversion values. 

Therefore, higher P on retentate is 
better in case of CMRs; higher ∆P, 
added to higher sweep rates on the 
permeate side

P(R)

P



Effect of ∆P, across the membrane
Hence, operate a CMR 
with low permeate 
pressure with ▲ P of 4 
bar, across the membrane, 
and membrane thickness 
close to 10 μm; keep 
sweep ratio as high as 
possible, within limits, to 
obtain maximum 
performance.



Heat Balance - Furnace
• Heat supplied for the pre-heater to heat feed 

gases up to operating temperature. 
• Heat supplied to furnace in order to reach 

adiabatic flame temperature.  
• Heat duty of the reactor tubes while reaction 

takes place inside the reformer.
• The exhaust heat leaving the system as flue gas.

P-31 P-23 P-29

CH4,H2O,CO,CO2,H2

P-27 P-28

E-14

Air

Natural gas (methane)

H2 + Sweep gas

CH4,H2O,CO,CO2,H2

Flue gas

Reformer

Preheater

Methane 
conversion (%)

CMR Operating 
Temperature (oC)

FBR Operating 
Temperature (oC)

86 % 550 740
97 % 600 820
99 % 650 850

Effect of Lowering temperature of SMR reaction



Case Study – based on 
Scaled up Methane flow 

Different cases of temperatures are analysed for FBR and CMR’s 
heat duty requirements where the amount of methane feed flow is 
fixed as constant at 175 kmol/hr between both systems

Reasonable range 
for excess air supply

𝑄𝑄𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑖𝑖𝑠𝑠𝑑𝑑 = 𝑄𝑄𝑠𝑠𝑚𝑚𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑡𝑡 + 𝑄𝑄𝑑𝑑𝑠𝑠𝑡𝑡𝑑𝑑

Significant lowering of CO2 emissions from flue 
gases, with lowering of operating temperature



Conclusions

• 1-d Model of a Fixed Bed reactor, and an FBR-Catalytic membrane reactor achieved 
(MATLAB, Aspen Hysys); comparisons with experimental data from literature appear to 
match well.

• CMR can achieve equivalent conversion of methane at 2000 C lower temperature than 
industrial conventional methane steam reforming.

• The conditions for high performance CMR are S:C ratio of 3, 600-650 0C temperature, 
5-10 bar  (retentate) and 10 µm membrane thickness. 

• Assessment on heat duty is carried out effectively at a scale of 4270 m3/hr of methane 
feed and the amount of heat supply needed with CO2 emissions are calculated thus.

• It is observed that 42% reduction of CO2 emission is possible when CMR is operated at 
maximum conversion rates under given conditions.
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