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ABSTRACT 
One of the current challenges for hydrogen-related technologies is its storage and transportation. 
The low volumetric density and low boiling point require high-pressure and low-temperature con-
ditions for effective transport and storage. A potential solution to these challenges involves storing 
hydrogen in chemical compounds that can be easily transported and stored, with hydrogen being 
released through decomposition processes.  Ammonia stands out as a promising hydrogen carrier 
due to its high hydrogen content (17.8% by weight), relatively mild liquefaction conditions (~10 bar 
at 25°C), and the availability of a well-established storage and transportation infrastructure. The 
objective of this study was to develop a mathematical model to analyze and design a membrane 
fixed-bed reactor (MFBR) for large-scale ammonia decomposition. The kinetic model for the Ru-
K/CaO catalyst was obtained from the literature and validated using the experimental data re-
ported in the original study. This catalyst was selected due to its effective performance under 
high-pressure conditions, which increases the drive force for hydrogen permeation in the mem-
brane reactor. The model was developed in Aspen Custom Modeler (ACM) using a 1D pseudo-
homogeneous approach. The governing equations for mass, energy, and momentum conservation 
were discretized via a first-order backward finite difference method. The effectiveness factor was 
incorporated to account for intraparticle mass transfer limitations, which are prevalent with the 
large particle sizes typically employed in industrial applications. The study further investigated the 
influence of sweep gas ratio, temperature, relative pressure, and space velocity on ammonia con-
version and hydrogen recovery, employing response surface methodology generated through an 
ACM-Python interface. The proposed multi-tubular membrane reactor achieved approximately 
94% ammonia conversion and 90% hydrogen recovery, operating at an inlet temperature of 380°C 
and a pressure of 40 bar. Under comparable conditions of temperature, pressure, and WHSV, the 
membrane reactor demonstrated an approximately 41.7% higher ammonia conversion compared 
to a conventional fixed-bed reactor. Furthermore, the developed model is easily transferable to 
Aspen Plus, facilitating subsequent process conceptual design and economic analyses. 
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INTRODUCTION 
Hydrogen (H₂) is a key player in the transition to re-

newable energy sources due to its high energy density 
and CO₂-emission-free combustion [1]. However, hydro-
gen volumetric density is low compared to other conven-
tional fuels such as gasoline, ethanol and natural gas [2]. 
Consequently, its storage and transportation present 

challenges, requiring energy-intensive methods like 
high-pressure compression and cryogenic liquefaction.  

Currently, hydrogen is most stored as a compressed 
gas at 150-700 bar [3]. Another approach is liquid-phase 
storage, which offers a higher energy density but re-
quires extremely low temperatures (-253°C at 1 bar)[4].  
A novel potential solution involves storing hydrogen in 
chemical compounds that can be easily transported and 
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stored. Ammonia is a promising hydrogen carrier due to 
its high hydrogen content (17.8% by weight) and its mod-
erate liquefaction conditions (~10 bar, 25°C), reducing 
transportation and storage [5].  

For the strategy of using ammonia as a hydrogen 
carrier to be feasible, it is essential to study the decom-
position process and develop more efficient reaction sys-
tems. Membrane fixed-bed reactors (MFBRs) offer ad-
vantages over conventional fixed-bed reactors, such as 
enabling operation at lower temperatures by selectively 
removing hydrogen, driving higher ammonia conversion, 
and reducing the costs associated with hydrogen purifi-
cation. This study aimed to develop a mathematical 
model to analyze and design an MFBR for large-scale am-
monia decomposition, using a Python-Aspen Custom 
Modeler (ACM) framework.  

METHODS AND MODELING 
A simplified schematic of the reactor is presented in 

Figure 1. The multi-tubular membrane fixed-bed reactor 
proposed in this study is based on conventional steam 
methane reformer (SMR) furnaces. 

  

 

Figure 1. Simplified scheme of the multi-tubular 
membrane reactor. 

 The reaction system consists of two concentric 
tubes: an outer tube and an inner tube with a selective 
palladium membrane. The annular space between these 
tubes is filled with a Ru-based catalyst, where hydrogen 
is produced. This hydrogen permeates through the Pd 
membrane into the inner tube, allowing for selective 
separation from the reaction mixture. A sweep gas is fed 
into the inner tube to reduce the partial pressure of 
permeated hydrogen, enhancing the driving force for 
separation. The heat is provided to the reaction by flame 

using the combustion of ammonia itself, a COx-free 
process. 

Mathematical modeling 
The membrane fixed-bed reactor model was devel-

oped using a pseudohomogeneous, one-dimensional ap-
proach in Aspen Custom Modeler v.12. The main hypoth-
eses of the model are: 

1. Steady-state condition;  

2. Plug-flow both in reaction and permeation zone 
due to the high ratio of length to diameter; 

3. Negligible axial dispersion due to high 
calculated Peclet number;  

4. Negligible pressure drop in permeation tube; 

5. Constant porosity;  

6. Membrane 100% selective for hydrogen. 

The mass balance for each component in the annu-
lar catalytic region is described by Equation 1, while 
Equation 2 presents the material balance for each com-
ponent in the permeation tube [6].  

𝑑𝑑𝐹𝐹𝑖𝑖,𝑎𝑎
𝑑𝑑𝑑𝑑

=  𝜂𝜂 𝑟𝑟𝑖𝑖 𝜌𝜌𝑏𝑏𝜋𝜋(𝑅𝑅22 − 𝑅𝑅12)  −  2𝜋𝜋 𝑅𝑅1 𝐽𝐽𝑖𝑖  (1) 

𝑑𝑑𝐹𝐹𝑖𝑖,𝑡𝑡
𝑑𝑑𝑑𝑑

= 2𝜋𝜋 𝑅𝑅1 𝐽𝐽𝑖𝑖    (2) 

where Fi,a is the component molar flow in the annular re-
gion, η is the effectiveness factor, ri is the component 
reaction rate, ρb is the bulk density, R2 is outer tube ra-
dius, R1 is the inner tube radius,  Fi,t is the component 
molar flow in the permeation region, and Ji is the compo-
nent permeation flux through the membrane. 

The kinetic model for the Ru-K/CaO catalyst, along 
with its parameters, was obtained from Sayas et al. [7]. 
The H₂ permeation flux was calculated based on Sievert's 
law, utilizing parameters estimated for a Pd-Ag mem-
brane [8]. The corresponding equations for the reaction 
rate and H₂ permeation flux are presented in the equa-
tions 3 and 4. 
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𝑃𝑃𝑁𝑁𝐻𝐻3
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𝐽𝐽𝐻𝐻2 = 𝐵𝐵𝐻𝐻
𝛿𝛿

 (𝑃𝑃𝐻𝐻2,𝑎𝑎
1/2 − 𝑃𝑃𝐻𝐻2,𝑡𝑡

1/2)     (4) 

where rNH3 is the ammonia consumption rate, k is rate 
constant, PNH3 is the ammonia partial pressure, PH2,a and 
PH2,t represent the hydrogen partial pressures on the an-
nular and permeate sides, respectively, PN2 is the nitrogen 
partial pressure, Keq is the thermodynamic equilibrium 
constant, JH2 is the hydrogen permeation flux, BH is the 
permeability, and δ is the membrane thickness. 

For the effectiveness factor calculation, the kinetic 
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model was mathematically transformed into a pseudo-
first-order kinetics, following the Pacheco et al. [9] 
framework. This transformation allows the Thiele modu-
lus and the effectiveness factor to be calculated analyti-
cally. 

Equations 5 and 6 present the energy balances for 
annular region and permeation tube [6]. It was consid-
ered that the membrane surface in contact with the re-
action zone has the same temperature as the reaction it-
self. This assumption is reasonable because the metallic 
components of the membrane structure have high ther-
mal conductivity, making their thermal resistance negligi-
ble [6]. 

��𝐹𝐹𝑖𝑖,𝑎𝑎
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+ 𝜋𝜋 (𝑅𝑅22 − 𝑅𝑅12) 𝜌𝜌𝑏𝑏 𝜂𝜂 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(−∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟)   (5) 
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where cp,i is the component molar specific heat, T is the 
temperature in the reaction region, Tp is the temperature 
in the permeation region, Tw is the wall temperature, U1 is 
the overall heat transfer coefficient between the reac-
tor's outer wall and the annular reaction zone, U2 is the 
overall heat transfer coefficient between the reaction 
and permeation zones, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the ammonia decomposi-
tion rate, and hH2 is the specific enthalpy of hydrogen.   

The overall heat transfer coefficient between reac-
tion tube outer wall and reaction mixture (U1) is calcu-
lated using Dixon correlation [10], whereas the overall 
heat transfer coefficient between the annular region and 
the permeation (U2) is considered fixed with the value of 
8.64 kJ/m²·h·K [11].  

For the annular catalytic region, the pressure drop 
along the reactor’s length is calculated using the Ergun 
equation, as shown in Equation 7.  

−dp
dz

= 150 (1 −ε )2

ε3
 μ u 
dp² 

+  1.75  1 −ε
ε3

 u²ρf 
dp 

  (7) 

where p is the pressure of the annular reaction zone, μ is 
the mixture viscosity, u is the fluid superficial velocity,  dp 
is the spherical equivalent particle diameter, ε is the bed 
porosity, and ρf is the fluid density.  

Physical properties, including mixture density, dy-
namic viscosity, molar specific heat, and hydrogen spe-
cific enthalpy, were calculated using internal procedures 
within ACM, based on the PR-BM thermodynamic prop-
erty package. This package employs the Peng-Robinson 
equation of state with Boston-Mathias modifications to 
determine the main thermodynamic properties.  

 The governing equations for mass, energy, and mo-
mentum conservation were discretized via first-order 
backward finite difference method and solved using a 
nonlinear equation solver. The reactor parameters are 
detailed in Table 1. 

Table 1: Parameter setting of the ammonia cracking 
membrane reactor.  

Parameter Value Reference 
Tube length (m)  [] 

Reactor internal diameter (m)  [] 
Membrane diameter (m)  Adopted 

Membrane thickness (μm)  [] 
Catalyst particle diameter (mm)  [] 

Bed voidage (Estimated)  [] 

Sensitivity analysis: Python-ACM interface 
ACM enables an automated interface with Python 

via the comtypes module, facilitating model analysis and 
response surface generation. Python controls model var-
iables and parameters, sending commands to ACM to 
perform simulations and record responses. The output 
data are processed in Python, allowing for the generation 
of response surfaces and detailed sensitivity analysis.   

First, an isothermal reactor was considered and the 
effect of temperature, space velocity, permeation tube 
pressure and sweep gas ratio in the ammonia conversion 
and hydrogen recovery. After establishing the opera-
tional conditions, the rigorous model of a non-isothermal 
reactor was then simulated. 

RESULTS  
 This section presents the isothermal reactor analy-
sis to evaluate operational variables and define prelimi-
nary conditions, followed by the results for the non-iso-
thermal model. 

 Effect of pressure and temperature   
Figure 2 shows the effect of the tube and reaction 

pressures on ammonia conversion at temperatures of 
350°C, 400°C, and 450°C. The results demonstrate that 
increasing temperature enhances ammonia conversion, 
consistent with the endothermic nature of the reaction. 
At 450°C, near-complete conversion is achieved under 
favorable pressure conditions (low tube pressure and 
high reaction pressure). 

Higher reaction pressures reduce ammonia conver-
sion due to thermodynamic limitation; however, they also 
enhance the driving force for hydrogen permeation 
through the membrane, partially compensating for this 
limitation. Conversely, higher tube pressures reduce the 
driving force for hydrogen removal, which can lower con-
version efficiency. Nonetheless, they provide the ad-
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vantage of delivering pressurized hydrogen, thereby re-
ducing recompression costs. 

Another important metric to evaluate is hydrogen 
recovery (HR), defined as the ratio of the amount of hy-
drogen separated through the membrane to the total 
amount of hydrogen produced in the reaction. Figure 3 
shows the effect of tube and reaction pressures on HR at 
temperatures of 350°C, 400°C, and 450°C. 

 

Figure 2. Effect of tube and reaction pressure at 
temperatures of 350°C, 400°C, and 450 °C on ammonia 
conversion (WHSV = 1000 g/L·h , sweep gas ratio = 0.25). 

As expected, HR is enhanced by increasing the 
pressure difference between the reaction zone and the 
tube, which acts as the driving force for hydrogen per-
meation. Temperature also positively influences HR, as it 

increases the permeation rate of hydrogen. At a pressure 
difference of 30 bar and a temperature of 350 °C, HR is 
approximately 56.9%. In contrast, at 450 °C under the 
same pressure conditions, HR increases significantly, 
reaching 73.4%. 

 

Figure 3. Effect of tube and reaction pressure at 
temperatures of 350°C, 400°C, and 450 °C on hydrogen 
recovery (WHSV = 1000 g/L·h , sweep gas ratio = 0.25). 

Effect of space velocity and sweep gas ratio  
 Figure 4 presents the effect of WHSV (weight hourly 
space velocity) and sweep gas ratio (SGR) on ammonia 
conversion for 400 and 450°C, while also comparing the 
performance of the membrane fixed-bed reactor design 
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(MFBR) with a conventional fixed-bed reactor. The SGR, 
defined as the molar ratio of sweep gas to feed ammonia, 
influences the driving force for hydrogen permeation by 
reducing the partial pressure of hydrogen on the perme-
ation side of the membrane.  
 

 

Figure 4.  Effect of WHSV and sweep gas ratio (SGR) at 
temperatures of 400 and 450 °C on ammonia conversion 
(tube pressure = 5 bar, reaction zone pressure = 40 bar). 

The results presented in Figure 4 indicated that the 
conversion gain of MFBR compared to the conventional 
fixed-bed reactor is more pronounced at lower WHSV 
values. For instance, at a WHSV of 500 mL/g·h, 400°C, 
and SGR of 0.25, the conversion increase is approxi-
mately 63%. In contrast, at a WHSV of 1500 mL/g·h under 
the same conditions, the conversion gain drops to 37%. 
When the temperature increases from 400 to 450 °C, 
overall ammonia conversion improves for both reactors 
due to enhanced reaction kinetics. However, at low 
WHSV values, the relative conversion gain of the MFBR 
compared to the conventional reactor reduces at 450 °C. 

Additionally, increasing the SGR from 0 to 0.25 leads 
to considerable improvement in ammonia conversion. 
However, further increases in SGR beyond 0.25 yield only 
slight gains in conversion.  

Complete model and reactor design  

 A reactor configuration was proposed based on the 
analysis of key operating variables. To better represent 
industrial performance, the model was extended to in-
clude non-isothermal behavior and intraparticle mass re-
sistance. Table 2 summarizes the selected operating 
conditions for the complete model and reactor design. 

Table 2: Operating conditions for the MFBR Simulation. 

MFBR operating conditions Value 
Inlet reactor temperature (ºC)  

Sweep gas ratio   
Reaction and tube pressures (bar) / 

WHSV (mL/g·h)   

 Figure 5 compares ammonia conversion and reac-
tion zone temperature profiles along the reactor length 
for MFBR and conventional fixed-bed reactors under the 
same operating conditions. 

 

Figure 5. Profiles of ammonia conversion (a) and reaction 
zone temperature (b) along the reactor length for MFBR 
and conventional fixed-bed reactors (Tw= 430 °C). 

 The proposed MFBR demonstrated an approxi-
mately 41.7% higher ammonia conversion compared to a 
conventional fixed-bed reactor. The conversion profile 
indicates that the reaction occurs along the entire reactor 
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length, ensuring effective utilization of the reactor vol-
ume without underutilized sections.  
 Regarding the temperature profile, an initial drop is 
observed in both reactors. This behavior can be ex-
plained by the reaction's endothermic nature, where a 
higher reaction rate near the reactor inlet, driven by the 
elevated partial pressure of ammonia, results in signifi-
cant heat consumption. Despite the same fixed wall tem-
perature for both reactors, the MFBR exhibits a lower 
temperature profile along the reactor length due to its 
higher ammonia conversion. 
 Considering a large-scale ammonia decomposition 
unit with the production of 200 tons per day of hydrogen, 
the proposed reactor would require 1017 tubes.   

CONCLUSION 
 A unidimensional pseudohomogeneous model de-
scribing a multi-tubular membrane reactor for ammonia 
decomposition was developed. The proposed reactor 
configuration achieves 94% ammonia conversion and 
90% hydrogen recovery, representing a 41.7% higher 
conversion compared to the traditional reactor. These re-
sults are promising and provide a foundation for scaling 
up the ammonia decomposition process in membrane re-
actors.  
 Overall, the MFBR offers several advantages com-
pared to the traditional fixed-bed reactor. It enables op-
eration at lower temperatures due to its higher conver-
sion rates and avoids the need for costly hydrogen sep-
aration steps, resulting in potential environmental and 
economic benefits. In future work, a more detailed 2D 
model incorporating radial dispersion effects will be de-
veloped and the results of both models will be compared.  
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