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A B S T R A C T

Power-to-X (P2X) converts excess renewable energy into hydrogen and then renewable fuels like methanol, 
addressing hydrogen storage costs. Methanol synthesis uses catalysts such as Cu/ZnO/Al2O3, with performance 
influenced by pressure, hydrogen-to-carbon ratio, and temperature. Therefore, accurate modelling, using kinetics 
like Graaf et al. Langmuir-Hinshelwood-Hougen-Watson type model, material, momentum, and energy balances 
within the reactor, is essential. Based on these models, the performance of methanol synthesis was analysed. 
Specifically, analysis of bed porosity (εpm = 0.1 – 0.5), stoichiometric ratio of hydrogen-to-carbon (SH = 1 – 3), 
Gas-Hourly-Space-Velocity (GHSV = 1400 – 8400 h− 1), temperature (200 – 280 ◦C) and pressure (20 – 60 bar) on 
the methanol synthesis performance for both dynamic and steady-state conditions was performed via COMSOL 
Multiphysics. This was followed by a thermostatic regulation of the reaction temperature between 239 – 241 ◦C, 
model application to simulate an in-house laboratory digital twin Micromeritics reactor, in addition to an 
industrial-sized reactor.

1. Introduction

According to the International Energy Agency (IEA)’s 2023 report on 
renewable energy, the world’s renewable energy capacity has been 
rapidly expanding over the last three decades. Based on this trend, a 
forecast has been made that aims to triple global capacity by 2030, as set 
by governments in the COP28 UN Climate Change Conference 
(International Energy Agency (IEA). Massive expansion of renewable 
power opens door to achieving global tripling goal set at COP28, 2024). 
Specifically, the amount of renewable energy capacity added to the 
global energy system increased by 50 %, reaching about 510 GW (GW) 
in 2023, with solar photovoltaics accounting for three-quarters of this 
increase (International Energy Agency (IEA). Massive expansion of 
renewable power opens door to achieving global tripling goal set at 
COP28, 2024). Over the next five years (i.e., by 2028), it is proposed that 
solar photovoltaics and wind energy will account for 96 % of this 

renewable energy expansion. This is because their generation cost is 
lower than that of other energy sources, and they are currently favoured 
by the energy policies of most countries (International Energy Agency 
(IEA). Solar PV, 2023). The rise in solar photovoltaics and wind energy, 
as already being observed, can exacerbate the issue of excess or surplus 
energy generation, i.e., unused energy. Typically, this situation arises 
when backup batteries are fully charged or when the minimum energy 
generated exceeds the available energy demand. Thus, the excess energy 
must either be dumped or curtailed (Vaziri Rad et al., 2023; O’Sh
aughnessy et al., 2020). In mitigating solar or wind energy curtailment, 
a long-term viable solution is to convert excess generated energy into 
fuels. The produced fuel can then be used for stationary energy pro
duction or transportation, thus overcoming the limitations of electrical 
energy storage. This energy-to-fuel transition is termed power-to-x 
(P2X) (Ince et al., 2021), with power-to-hydrogen (PtH) forming the 
basis for many P2X pathways. Hydrogen gas can be easily produced from 
renewable energy through water electrolysis. Hydrogen is considered a 
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Nomenclature

List of abbreviations
Abbreviations Meaning and unit
GHSV Gas-Hourly-Space-Velocity, (h− 1)
LHHW Langmuir-Hinshelwood-Hougen-Watson
SH Stoichiometric ratio of hydrogen to carbon (− )
TC Temperature sensors and controller
PC Pressure regulator
PDEs Partial differential equations
FEM Finite element method
RWGS Reverse water gas shift

List of symbols
Symbols Meaning and unit
rp Catalyst radius and diameter, dp=2 rp (μm)
DR− i and DR− o Inner and outer diameter of reactor, (mm)
DR Reactor logarithmic diameter, DR = (DR− i − DR− i)/

ln(DR− o/DR− i) (mm)
xw Reactor thickness, xw = 0.5(DR− o − DR− i), (mm)
DC Hydraulic diameter of cooling jacket, (mm)
L Total length of parent tube, (mm)
Lpm Length of catalyst bed/matrix, (mm)
LR− i and LR− o Length of reactor inlet and outlet section, LR− i =

LR− o= 0.5(L – Lpm), (mm)
AR− i Inner wall surface area of reactor/catalyst bed, AR− i=

πDR− iLpm, (m2)
AR− o Cooling tube surface area, AR− o= πDCLpm, (m2)
Aw Logarithmic area, Aw= πDRLpm, (m2)
Vi Volume of catalyst bed,Vi = π

(
D2

R− i/4
)
Lpm, (m3)

Vc volume of cooling tube, Vc= π
(
D2

C/4
)
Lpm

yj* 
or yj Molar fractions of reactor species

Cj and Co− j Molar and initial concentration of species j, (mol m− 3)
Rj Reactive terms considered, Rj= αΣnjrj ρp, (mol m− 3 s− 1)
α and αo Catalyst and initial catalyst activity, (− )
nj Reactive molar stoichiometric for each species (− )
rj Rate-based kinetic models, j = 1,2&3, (mol kgct

-1 s− 1)
ρ, ρc and ρp Reactor fluid, coolant fluid, and catalyst density, (kg 

m− 3)
u or u Fluid velocity field or Darcy velocity, (m s− 1)
Deff− j Effective diffusivity, Deff− j = εpmDm− j/τpm (m2 s− 1)
Dm− j Species diffusivity through the mixture, (m2 s− 1)
Djj* The diffusivity of binary gases, (m2 s− 1)

τpm Matrix tortuosity, τpm = ε− 1/3
pm (− )

εpm Bed porosity or porosity of catalyst matrix (− )
εp Catalyst porosity, (− )
n Vector direction outward (− )
ΔP Pressure drops across the porous matrix.
μ, and μc Reacting fluid and coolant fluid dynamic viscosity, (kg m− 1 

s− 1)
μc* and μwc Coolant viscosity at bulk, Tc and cold wall temperature, 

Twc, (kg m− 1 s− 1)
κ Matrix permeability, κ = d2

pε3
pm/180(1 − εpm)

2, (m2)
β Non-darcy flow coefficient, β = 1.75(1 − εpm)/dpε3

pm, 
(m− 1)

g Gravity, (m s− 2)
F Forchheimer and Ergun drag viscous force, F = − βρ|u|u, 

(kg m− 2 s− 2)
Pj Partial pressure for reacting species, j (bar)
Po Initial/reaction pressure, Po, (bar)
θ* Catalyst adsorption coverage term (bar− 0.5)
K1, K2, and K3 K1, K2 (bar− 1) are adsorption constants for CO, CO2, 

and K3 (bar− 0.5) is a modified form of adsorption constants 

to account for the interactive effect of H2 and H2O
KE1, KE2, KE3 KE1, KE2 (bar− 2) are modified equilibrium constants for 

rMEOH− CO, rMEOH− CO2 , and KE3(− ) is equilibrium constant 
for rRWGS

KP1, KP2, KP3 KP1, KP2(mol kgct
-1 s− 1 bar− 1) are reaction constant for 

rMEOH− CO, rMEOH− CO2 , and KP3 (mol kgct
-1 s− 1 bar− 0.5) for 

rRWGS
k Viscous stress tensor, k =

μ/εpm

(
∇u+(∇u)T

)
− 2μ/3εpm(∇u)I, (Pa)

I Signifies identity matrix
(ρCP)eff Effective volumetric heat capacity, (ρCP)eff = ∊pmρCP +

(1 − ∊pm)ρpCPp(J m− 3 K− 1)
CP, CPc and CPp Reacting fluid, coolant fluid, and catalyst heat 

capacity, (J kg− 1 K− 1)
keff Effective thermal conductivity, keff = ∊pmk + (1 − ∊pm)kp, 

(W m− 1 K− 1)
k and kp Fluid and catalyst thermal conductivity, (W m− 1 K− 1)
kc and kw Coolant and reactor wall thermal conductivity, (W m− 1 

K− 1)
ΔHj Heat of reaction, (J mol− 1)
T Reactor temperature, (K)
Twh Reactor hot/inside wall temperature, (K)
Twc Cold/outer wall temperature, (K)
Tc Coolant temperature, (K)
Tf Reactor film temperature, Tf = 0.5(Twh + T), (K)
Tfc Coolant film temperature, Tfc = 0.5(Twc + Tc), (K)
To and Toc Initial/isothermal reactor and coolant temperature, (K)
hR Reactor heat coefficient, (W m− 2 K− 1)
hC Coolant heat coefficient, (W m− 2 K− 1)
Ui Overall heat coefficient, (W m− 2 K− 1)
QR− W Heat transfer from reactor to its wall, QR− W=

AR− ihR(T − Twh), (W)
QW− C Heat transfer from reactor outer wall surface to coolant, 

QW− C= AR− ohC(Twc − Tc), (W)
QR− C Heat transfer from reactor content to coolant, QR− C=

UiAR− i(T − Tc) (W)
QW Heat transfer from reactor cold wall surface, QW =

Aw(kw/xw)(Twh − Twc), (W)
QC Cooling supplied, QC= qcρcCPc(Tc − Toc), (W)
qc Volumetric flowrate of coolant, (m3 s− 1)
Re and Rec Reynold no. for reacting, Re = ρuDR− i/μ, and coolant 

fluids, Rec = ρcucDC/μc, (− )
NuR and NuC Nusselt no. for reacting, NuR=hRDR− i/k and coolant 

fluids, NuC=hCDc/kc (− )
Pr and Prc Prandtl number for reacting, Pr = CPμ/k, and coolant 

fluids, Prc = CPcμc/kc (− )
Ed Catalyst deactivation energy, (J mol− 1)
Td Catalyst deactivation reference temperature, (K)
Kd Catalyst deactivation constant, (h− 1)
R R is idea1 gas constant, 8.3145 (J mol− 1 K− 1)*COMSOL 

automatically harmonizes all units into SI units

List of Subscript, and superscript
Subscript, & superscript Meaning and unit
R Subscript “R” denotes reactor
i Subscript “i” denotes inlet
o Subscript “o” denotes initial or sometimes outlet
w Subscript “w” denotes wall, properties
c Subscript, “c” denotes coolant
j or j* Subscript for reactive molar stoichiometric for each 

species,j = CO, CO2, H2, N2, CH3OH, H2O
j Subscript j = 1 = MEOH− CO, 2 = MEOH− CO2, and 3 =

RWGS
T Superscript implies transpose
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promising energy carrier due to its high gravimetric energy density, 
Table 1 (Palys and Daoutidis, 2022). However, challenges such as high 
storage costs associated with its pressurization, and its lower volumetric 
energy density, compared to its derivatives like methanol, ethanol, and 
ammonia, have encouraged its subsequent conversion into other 
renewable fuels. These derivatives offer improved storage and uti
lisation characteristics (Palys and Daoutidis, 2022).

Among these derivatives, power-to-methanol (PtM) is a promising 
approach. It involves combining hydrogen produced via power-to- 
hydrogen (PtH) with carbon sources (carbon monoxide and dioxide) 
captured from industrial or biogenic emissions, Equation (1) – (3) (Graaf 
et al., 1988; Nestler et al., 2020). This pathway not only facilitates 
efficient storage and transport of renewable energy in liquid form but 
also supports carbon recycling, thereby contributing to climate change 
mitigation. 

CO+2H2 ↔ CH3OH ΔH298K = − 90.77 KJ.mol− 1 (1) 

CO2 +3H2 ↔ CH3OH+H2O ΔH298K = − 49.16 KJ.mol− 1 (2) 

CO2 +H2 ↔ CO+H2O ΔH298K = +41.21 KJ.mol− 1 (3) 

SH = nH2/(2nCO + 3nCO2 ) ≥ 1.0 (4) 

Methanol production via the PtM framework is achieved by the hydro
genation of carbon monoxide (CO) and/or carbon dioxide (CO2) in the 
presence of suitable heterogeneous catalysts, such as Cu/ZnO/Al2O3, 
Pd/ZnO/Al2O3, GaPd2/SiO2, In2O3/ZrO2, and others (Stangeland et al., 
2020), typically within a packed bed reactor. The reaction generally 
requires a minimum temperature of 200 ◦C, 35 to 148 atm pressure, and 
a hydrogen (nH2 ) to carbon (nCO and nCO2 ) mole ratio of at least one, 
Equation (4) (Emebu et al., 2023). The efficiency of methanol produc
tion depends on the catalyst type, and its physicochemical characteris
tics, as well as the combined, and interactive effects of reaction 
temperature, and pressure (Borisut and Nuchitprasittichai, 2019). This 
is because, for each specific catalyst, the reaction conditions, especially 
temperature and pressure are typically optimised to maximise perfor
mance (Ledakowicz et al., 2013). Typical methanol yields from CO2, and 
CO hydrogenation for various catalysts are highlighted in literature 
(Nielsen et al., 2020; Dieterich et al., 2020). Therefore, it is necessary to 
adequately measure reactor’s temperature and pressure to maintain 
optimal operating conditions, ensure product quality, maximise energy 
efficiency, and minimise pollutant emissions. However, packed bed re
actors are typically composed of catalyst particles that exhibit variations 
in shape, size, surface morphology, density, hardness, pore distribution, 
adsorption properties, etc (Barbosa-Cánovas et al., 2005). Given that 
methanol synthesis typically occurs at high temperatures,200 – 320 ◦C, 
accurately measuring temperature within the reactor can be chal
lenging. This difficulty arises due to the heterogeneous distribution of 
fluids in the packed bed, which can lead to uneven temperature profiles 
or the formation of hot spots in various sections of the reactor (Zhang 
et al., 2022). These issues can be addressed using advanced techniques 
such as multi-sensor arrays, and surface field temperature measure
ments (Xuan et al., 2024; Schäfer et al., 2013). However, these methods 
are often complex to install (Bahiraei, 2019), and expensive to both 

implement and maintain (Blay and Bobadilla, 2018), especially in in
dustrial reactors. As a simpler and more cost-effective alternative to 
direct measurements, numerical modeling can be employed to simulate 
the temperature dynamics within the reactor. The concept of numerical 
model development as an alternative to direct measurement involves 
developing models that comprehensively account for all relevant mass, 
momentum, and heat transfer phenomena (Kutscherauer et al., 2022) 
within the reactor. The results of such numerical models can be vali
dated with experimental results from a laboratory-scale or micrometric- 
scale reactor, where direct measurements are generally easier and 
cheaper to implement. Using small-scale reactors for validation is 
essential, as numerical simulations of thermochemical processes in 
larger packed-bed reactors remain challenging. This complexity arises 
from the large computational domain, the multi-scale nature of the 
system, and the presence of various heat transfer modes such as particle- 
to-particle conduction, and convective, conductive, and radiative heat 
exchange between the reactor and its surroundings (Xuan et al., 2024).

Numerous studies in literature on the modelling of methanol re
actors, under both dynamic and steady-state conditions. These models 
are typically developed based on specific assumptions regarding reac
tion kinetics, as well as mass, momentum, and heat transfer phenomena 
(Leonzio and Foscolo, 2020; Rahimpour et al., 2009; Parvasi et al., 2008; 
Zhu et al., 2020; Hafeez et al., 2020; Bakhtiary et al., 2024; Adji et al., 
2019; Rahimpour, 2008; Zabiri et al., 2010; Sadeghi et al., 2014; Mak
simov et al., 2021; Shahrokhi and Baghmisheh, 2005). However, there 
are currently no reports that comprehensively simulated both dynamic 
and steady-state behaviours of methanol reactors while also analysing 
reactor responses (conversion, temperature, pressure drop, etc.) based 
on variations of parameters such as bed porosity (εpm), stoichiometric 
ratio of hydrogen to carbon (SH), and Gas-Hourly-Space-Velocity 
(GHSV). Furthermore, no existing studies translate such simulations to 
both an in-house laboratory-scale digital twin (e.g., Micromeritics 
reactor) and an industrial-scale reactor. Additionally, there are no re
ports on the thermostatic regulation of the small-scale reactor, consid
ering that methanol synthesis is exothermic, and the performance of 
most heterogeneous catalysts is temperature dependent. However, to 
accurately implement thermostatic regulation, it is essential to account 
for heat transfer between the reactor and its surroundings (e.g., the 
reactor wall, and circulating cooling fluids). Therefore, the reactor wall 
temperature must be adequately modelled. This is important because 
the reactor wall serves as a non-invasive domain where thermostat 
sensors can be installed. In most studies (Leonzio and Foscolo, 2020; 
Rahimpour et al., 2009; Parvasi et al., 2008; Hafeez et al., 2020; 
Bakhtiary et al., 2024; Adji et al., 2019; Rahimpour, 2008; Zabiri et al., 
2010; Sadeghi et al., 2014; Masoudi et al., 2019), the reactor wall 
temperature has been assumed constant. Literature such as Maksimov 
et al. (Maksimov et al., 2021) applied a simplified model, and others 
such as Rahimpour (Rahimpour, 2008) and Zhu et al. (Zhu et al., 
2020), implemented more comprehensive approach (as would be used 
in this work), that involves iterative calculations of the reactor wall 
temperature based on its thermal interaction with both the reactor 
contents and the coolant.

The research gaps highlighted in the preceding paragraph form the 
basis of this study and define its novelty. Accordingly, the aims and 

Table 1 
Comparison of energy properties of hydrogen, and its renewable fuel derivatives (Palys and Daoutidis, 2022; Amin, 2019; Taccani R, Maggiore G, Micheli D. 
Development of a Process Simulation Model for the Analysis of the Loading and Unloading System of a CNG Carrier Equipped with Novel Lightweight Pressure 
Cylinders. Applied Sciences, 2020; lrak.net. Energy density, 2019; U.S. Department of Energy. Alternative Fuels Data Center: Fuel Properties Comparison, 2024).

Hydrogen Ammonia HDRD Ethanol/E100 Methane Methanol

Mass energy density 
(kWh kg− 1)

33.3 5.2 12.2 7.5 15.4 5.6

Storage pressure at 25 ◦C (bar) 300 – 700 10 1 1 ~250 1
Volumetric energy density (kWh L-1) 0.5 – 2.3 4.3 9.5 5.9 ~6.4 4.6

HDRD – Hydrogenation-derived renewable diesel. Storage pressure is based on a simple pressure vessel.

S. Emebu et al.                                                                                                                                                                                                                                  Chemical Engineering Science 318 (2025) 122166 

3 



objectives of this work are as follows: Evaluate and select adequately 
reported Graaf et al. Langmuir-Hinshelwood-Hougen-Watson (LHHW) 
type methanol kinetic model; Develop a detailed model for a micro- 
scaled laboratory reactor, incorporating th the temperature, concen
tration, and pressure drop profiles along the reactor; Evaluate the dy
namic and steady-state reactor responses (conversion, temperature, 
pressure drop, etc.) under varying conditions of bed porosity, stoichio
metric ratio of hydrogen to carbon, reactor diameter, catalyst bed length 
and Gas-Hourly-Space-Velocity (GHSV), temperature and pressure; 
Translate the developed model to the scale of an in-house laboratory 
digital twin (Micromeritics reactor), and an industrial- scale reactor; 
Evaluate the adequacy of heat transfer processes, and implement ther
mostat regulation of the reactor temperature. Furthermore, while most 
reported packed bed reactor models for methanol synthesis applied 
MATLAB for the numerical simulations, a few studies, such as those by 
Bakhtiary et al. (Bakhtiary et al., 2024) and Adji et al. (Adji et al., 
2019), applied COMSOL Multiphysics for modelling the process. COM
SOL Multiphysics may be preferred over MATLAB because it offers a 
more user-friendly and specialised platform for solving partial differ
ential equations (PDEs) on complex geometries using the finite element 
method (FEM) (Wang et al., 2011). It also supports more advanced 
discretisation techniques beyond the linear method, such as quadratic 
and higher-order polynomial discretization, which enable more accurate 
gradient computations. Additionally, COMSOL offers more realistic 
three-dimensional visual representations of both the reactor system and 
the simulation results.. Therefore, COMSOL Multiphysics will be used to 
implement the preceding set of objectives highlighted in this study.

2. Process description of micro-scaled reactor

Fig. 1 illustrates a cylindrical packed bed Micromeritics reactor for 
methanol synthesis, loaded with a commercial Cu/ZnO/Al2O3 catalyst. 
The catalysts are supported by a partitioning mesh to ensure uniform 
arrangement and accurate measurement of the bed length. The reactor is 
made of steel, with the inner diameter and wall thickness given in 
Table 2. A heat exchanger is integrated along the reactor wall to regulate 
the reaction temperature. The reactant feed stream, comprising of CO, 
CO2, H2, and inert N2 species, in predefined compositions, is pumped 
into the reactor at a given Gas hourly space velocity (GHSV).

The average reactor temperature is measured and controlled using 
spatially distributed sensors, such as K-type thermocouples, positioned 
along radial domains r (0, 1/2, and 1), i.e., from the centre to the in
ternal surface of the reactor wall. Given the exothermic nature of 
methanol synthesis reactions, Equation (1) – (3), these temperature 
sensors, along with a temperature controller (TC), continuously monitor 

and regulate temperature variations within the reactor. The reactor 
pressure is monitored and controlled with a back-pressure regulator 
(PC). Additionally, the reactor outlet is connected to a Gas Chroma
tography (GC) or Raman cell equipped with a gas-phase Raman probe, 
which transmits the composition signal to a Raman spectrometer for 
analyzing the reactor effluent composition.

3. Modelling methanol packed bed reactor

3.1. Reaction models

In modelling the packed-bed reactor for methanol synthesis, the 
equilibrium reaction can be modelled using an entropy-based driving 
force approach via Gibbs (G) or Helmholtz (A) free energy formulations 
(Solsvik et al., 2016). The theoretical maximum conversion of CO2, and 
CO hydrogenation to methanol typically ranges from ~ 18 – 85 % for 
300 – 200◦C at 100 bars (Dieterich et al., 2020; Gallucci et al., 2004), 
based on results derived from Gibbs (G) or Helmholtz (A) free energy 
approach. However, in practice, the maximum achievable conversion of 
CO2, and CO over a catalyst is generally about 25 % (Gallucci et al., 
2004; Izbassarov et al., 2021; Lombardelli et al., 2022; Etim et al., 2020; 

Fig. 1. Schematic of Micromeritics reactor for this methanol synthesis.

Table 2 
Specification of reactor design details, catalyst, and feed composition.

Parameters, units Values
Reactor 
dimension

​ Inner diameter of reactor, DR− i (mm) 10.000
​ Reactor thickness, xw (mm) 1.0000
​ Outer diameter of reactor, DR− o (mm) 2 xw+DR− i

​ Hydraulic diameter of cooling jacket, DC (mm) 5.0000
​ Total length of parent tube, L (mm) 200.00
​ Length of catalyst bed, Lpm (mm) 150
​ Length of reactor inlet section, LR− i (mm) 0.5(L – Lpm)
​ Length of reactor outlet section, LR− o (mm) LR− o=LR− i

Catalyst ​ ​
​ Catalyst density (kg m− 3) 1450.0
​ Bed porosity,εpm 0.3400
​ Catalyst porosity,εp 0.2800
​ Catalyst radius, rp (μm) 200.00
Feed composition ​ ​
​ Stoichiometric ratio of hydrogen-carbon 

species,SH
1.0000

​ CO mole fraction,yCO 0.0000
​ CO2 mole fraction,yCO2

0.2273
​ H2 mole fraction,yH2

0.6817
​ N2 mole fraction,yN2

0.0910
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Sahibzada et al., 1998). As a result, equilibrium-based approaches are 
often insufficient to fully represent the practical limitations of methanol 
synthesis. Therefore, the reaction is commonly modeled using rate- 
based kinetic models, such as the Lang
muir–Hinshelwood–Hougen–Watson (LHHW) (Graaf et al., 1988; Van
den and Froment, 1996; Villa et al., 1985; Park et al., 2014; Seidel et al., 
2018) and power law models (Peter et al., 2012; Kobl et al., 2016) to 
better capture the kinetic constraints and catalytic behaviour. Among 
these rate-based kinetic models, rj=1,2&3(mol kgct

-1 s− 1), the Graaf et al. 
(Graaf et al., 1988) model, Equation (5) – (8) is an effective, and 
popularly reported in literature, even in recent years (Maksimov et al., 
2021; Slotboom et al., 2020; Nyári et al., 2022). Therefore, it will be 
adopted to model the reaction kinetics in this study. The models are 
expressed in terms of the partial pressure (Pj) of the reacting species, j =
CO, CO2, H2, N2, CH3OH, H2O. These expressions can be categorised into 
three main components: The adsorption term, θ*, with K1, and K2 
(bar− 1) as adsorption constants for CO, and CO2; and K3 (bar− 0.5) is a 
modified adsorption constant to account for the combined effect of H2O, 
and H2 adsorption; The kinetic factor term: with reaction rate constants, 
KP1, KP2(mol kgct

-1 s− 1 bar− 1), and KP3(mol kgct
-1 s− 1 bar− 0.5); The driving 

force term, with KE1, and KE2 (bar− 2) as modified equilibrium constants, 
and KE3 (unitless) is equilibrium constant (Nyári et al., 2022). All con
stants are temperature-dependent and are expressed using the Arrhenius 
equation, Equation (A.1) – (A.9), as detailed in the Appendix. 

rMEOH− CO = αKP1K1

(

PCOPH2
3/2 −

PCH3OH

KE1PH2
1/2

)

θ* (5) 

rMEOH− CO2 = αKP2K2

(

PCO2 PH2
3/2 −

PCH3OHPH2O

KE2PH2
3/2

)

θ* (6) 

rRWGS = αKP3K2

(

PCO2 PH2 −
PCOPH2O

KE3

)

θ* (7) 

θ* =
1

(1 + K1PCO + K2PCO2 )(PH2
1/2 + K3PH2O)

(8) 

Parameters for the Graaf et al. LHHW type model, Equation (5) – (8), 
based on various literature sources (Graaf et al., 1988; Maksimov et al., 
2021; Lombardelli et al., 2022; Khawaja and Usman, 2024; Portha et al., 
2017), was simulated and evaluated using data given in Table 2 at GHSV 
= 2800 h− 1. The simulation was based on a one-dimensional model, and 
the results are presented in Table (A1) and Figure (A1a) – (A1b) of the 

Appendix. It can be inferred that the carbon dioxide conversion and 
methanol yield (Leonzio G. Methanol Synthesis: Optimal Solution for a 
Better Efficiency of the Process. Processes, 2018) are within limits re
ported in literature (Lombardelli et al., 2022). However, in addition to 
this fact, the Maksimov et al. (Maksimov et al., 2021) model and report 
provided results that can serve as a basis to validate the COMSOL 
simulated result at 60 bar, and 230 ◦C, as such, considered more suitable 
for this study. The results, Table (A2) and Figure (A2) show a slight 
deviation in the output composition between Maksimov et al. 
(Maksimov et al., 2021) and COMSOL results. This difference is likely 
due to the distinct simulation methodologies: Maksimov et al. 
(Maksimov et al., 2021) appear to simulate the build-up of reactant 
compositions (hydrogen and carbon dioxide) from zero to outlet values, 
rather than the conventional approach of simulating reactant con
sumption from known initial inlet values (e.g., 68.17 % H2 and 22.73 % 
CO2). Additionally, differences in the one-dimensional modeling 
framework may contribute to this variation.. Subsequent simulation 
using a two-dimensional COMSOL model, Section (5), indicates closer 
agreement with the results of Maksimov et al. (Maksimov et al., 2021).

3.2. Material and energy model

3.2.1. Concentration balance
In modelling the material and energy balance for the reactor, it is 

assumed that the concentration and temperature gradient between the 
fluid and solid phases are negligible. Specifically, Equation (9) governs 
the molar concentration, Cj (mol m− 3) for each reactor species (j = CO, 
CO2, H2, N2, CH3OH, H2O). This continuity equation accounts for the 
fluid velocity field or Darcy velocity, u (m s− 1), through the porous solid 
matrix of porosity, εpm, with the advection (u∇Cj), diffusion 
(Deff− j∇

2Cj), and reactive (Rj(mol m− 3 s− 1) = αΣnjrj ρp ) terms consid
ered. Where rj is the reaction kinetics associated with the three equi
librium reactions, Equation (1) – (3), (i.e., j = 1 = MEOH-CO, 2 =
MEOH-CO2, and 3 = RWG), nj is the reactive molar stoichiometric for 
each species, Table 3, ρp (kg m− 3) is the catalyst density, α is catalyst 
activity, Equation (10) (Keil, 1999; Løvik I. Modelling, estimation and 
optimization of the methanol synthesis with catalyst deactivation. 126 s, 
2001), the definition and values of terms that define α are highlighted in 
Table 4. The effective diffusivity, Deff− j (m2 s− 1) is deduced from the 
species diffusivity through the mixture, Dm− j, Equation (11), and matrix 
tortuosity, τpm (Woods, 2014; Multiphysics, 2024; Wiki and Equation, 
2020). Note that in the inlet and outlet sections of the reactor, Fig. 1a, Rj 

= 0. To solve Equation (9), the following boundary conditions are 
applied: Cj(t = 0, r = 0, z = 0) = Co− j , the Dirichlet condition at the inlet, 
and n

(
− Dm− j∇Cj

)
= 0, the Neumann condition at the outlet. Given that, 

Co− j is the initial concentration of species, j, and n denotes the outward 
normal on the boundary. 

εpm
dCj

dt
+u∇Cj = Deff− j∇

2Cj +Rj (9) 

dα
dt

= − kdexp
[
− Ed

R

(
1
T
−

1
Td

)]

α5 (10) 

Dm− j =
1 − yj

Σ(yj*/Djj* )
(11) 

The diffusivity of binary gases, Djj* (m
2 s− 1), which relates the molar 

fractions of reactor species, yj* 
or yj are estimated from the Ste

fan–Maxwell model in COMSOL Multiphysics (Hafeez et al., 2020; 
Eslamloueyan and Khademi, 2010; Melzi et al.).

3.2.2. Momentum balance
The Brinkman’s model, Equation (12), is used to deduce the fluid 

velocity, u, and/or pressure drop (ΔP) across the porous matrix. It’s an 

Table 3 
The molar stoichiometric, nj, for each species of the fluid in the reactor.

Species, j r1=rMEOH− CO r2=rMEOH− CO2 r3=rRWGS

CO − 1 0 1
CO2 0 − 1 − 1
H2 − 2 − 3 − 1
N2 0 0 0
CH3OH 1 1 0
H2O 0 1 1

Table 4 
Process parameters necessary for the simulation.

Parameter, unit Value

GHSV (h− 1) volume gas per volume catalyst basis 2800.00
Initial/isothermal reaction temperature, To,◦C 230.000
Initial/reaction pressure, Po, bar 60.0000
Initial/guess reactor wall temperature, Tw,◦C 230.000
Coolant temperature, Tc,◦C 20.0000
Initial catalyst activity, αo (− ) 1.00000
Catalyst deactivation constant, Kd (h− 1) 0.00439
Catalyst deactivation reference temperature, Td (K) 513.000
Catalyst deactivation energy, Ed (J mol− 1) 91270.0
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expression of fluid density, ρ (kg m− 3), dynamic viscosity, μ (kg m− 1 

s− 1), matrix permeability, κ (m2), based on Kozeny–Carman correlation 
(Modeling, 2020; Xu and Yu, 2008), non-darcy flow coefficient, β (m− 1) 
(Modeling, 2020; Elsanoose et al., 2022), gravity, g (m s− 2), and the 
Forchheimer and Ergun drag viscous force, F (kg m− 2 s− 2), assumed 
negligible in this study. Where I signifies the identity matrix and the 
superscript (T) implies transpose. 

ρ
∊pm

du
dt

= ∇.[ − PI+k] −

(
μ
κ
+ βρ|u| + ∇(ρu)

ε2
pm

)

u
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟

ϕ

+F+ ρg (12) 

The boundary conditions: u(t = 0, r = 0, z = 0) = uo, and [ − PI+k]n 
= − Pon, respectively, applies to the reactor inlet and outlet, given that 
uo and Po are known initial fluid velocity and reaction pressure. Where k 
is the viscous stress tensor. Note that in the inlet and outlet sections of 

the reactor, the “ϕ” term is negligible.

3.2.3. Energy balance
The energy balance for the porous matrix, Equation (13), is a rela

tionship of the effective volumetric heat capacity, (ρCP)eff (J m− 3 K− 1), 
effective thermal conductivity, keff (W m− 1 K− 1), heat of formation, ΔHj 

(J mol− 1), reactor temperature, T (K), and reactor hot/inside wall 
temperature, Twh. Where QR− W(W) is heat transfer from reactor to its 
inner wall surface, AR− i, and Vi are the surface area and volume (i =
Lpm) of catalyst bed, hR(W m− 2 K− 1) is reactor heat coefficient, k, and kp 

are fluid and catalyst thermal conductivity, CP and CPp (J kg− 1 K− 1) are 
the fluid and catalyst heat capacities. 

Vi (ρCP)eff
dT
dt

+Vi ρCPu∇T = Vi keff∇
2T+Vi ΣΔHj rj +QR− W (13) 

VcρcCPc
dTc

dt
+VcρcCPcuc∇Tc = QW− C − QC (14) 

The temperature boundary conditions applicable to the entire tube 
containing the Micrometric reactor, Equation (12), are T(t = 0, r = 0, z 
= 0) = To and at the outlet; − n • ( − k∇T) = 0, with To being the initial 
reaction temperature. Note that for the inlet and outlet sections of the 
reactor, ∊pm= 0, kp= 0, CPp= 0, ΣΔHj rj = 0, and necessary space di
mensions Vi (i = LR− ior LR− o), Table 2. Furthermore, Equation (14) is the 
coolant temperature, Tc, i.e., gaseous nitrogen in the cooling tube on the 
catalyst bed section. The subscript, “c” denotes coolant, Vc is volume of 
cooling tube, QW− C is heat transfer from reactor outer wall surface to 
coolant, AR− o and DC is cooling tube surface area, and diameter, hC is the 
coolant heat coefficient, Twc is the cold/outer wall temperature, QC is 
cooling supplied with qc as the volumetric flowrate of coolant, and Tc(t 
= 0) = Toc is the applicable boundary condition.

3.2.4. Computation of heat transfer coefficient
Equations (15) – (16), for packed-bed and cylindrical pipe (Geb et al., 

2012; Bavière et al., 2006) are a Nusselt correlation of Reynold number, 
Re, for reactor content, Rec is for coolant as well as the Prandtl number, 
Pr and Prc with viscosity correction factor (Bozorgan et al., 2012); to 
estimate the heat coefficient for reactor, hR and coolant, hC, at the 
reactor, Tf) and coolant, Tfc film temperatures through iterative esti
mation of Twh or Twc by assuming the heat transfer from reactor to hot/ 
inner reactor wall surface, QR− W, heat transfer from hot to cold/outer 
reactor wall surface, QW, heat transfer from reactor cold wall surface to 
coolant, QW− C are all equal, and as such, the overall heat transfer from 
reactor to coolant, QR− C are the same. Where, Ui is the overall heat 
coefficient, Equation (17), Aw is the logarithmic area, DR is the reactor 
logarithmic diameter, and xw is the reactor wall thickness. Note that the 
subscript “w” denotes wall, properties such as kw is considered wall 
thermal conductivity. Furthermore, μc* and μwc are coolant viscosity at 
bulk, Tc, and cold wall temperature, Twc. 

NuR =
hRDR− i

k
= 0.057Re0.96Pr1/3 (15) 

NuC =
hCDc

kc
= 0.0243Re0.8

c Pr0.4
c

(
μc*

μwc

)0.14

(16) 

Ui =
1

1
hR
+ xw

kw

(
DR− i
DR

)

+ 1
hC

(
DR− i
DR− o

) (17) 

4. Model computations and additional parameters

To solve the highlighted time–space partial differential equations, 
dynamic models combined with analytical and empirical correlations 
were implemented using the COMSOL Multiphysics Software 6.0 for 
both steady-state and dynamic simulation. Equation (5) – (11) is 

Fig. 2. Schematic of workflow for the modelling and simulation.
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associated with the “Transport of Diluted Species in Porous Media”, 
Equation (12) with “Brinkman’s Equation”, Equation (13) with “Heat 
Transfer in Porous Media”, Equation (14) and iterative estimation of 
wall temperature with “Coefficient form Boundary PDE”, in addition to 
“Event Interface” for thermostatic regulation. Furthermore, the neces
sary species and mixture properties (i.e., density, viscosity, the heat of 
formation, specific heat capacity, etc. for j = CO, CO2, H2, N2, CH3OH, 
H2O), along with binary interaction parameters of the mixture, were 
deduced using the Soave-Redlich-Kwong thermodynamic fluid package 
inbuilt in COMSOL. The “Material” node via inbuilt components copper 
(Cu), zinc oxide (ZnO), and aluminium oxide (Al2O3) was used to model 
the Cu/ZnO/Al2O3 catalyst/solid porous matrix. The reactor wall was 
modelled as steel using properties reported in literature (Zarghoon et al., 
2024). Further process parameters necessary for the simulation are 
highlighted in Table 4.

In discretising the model, a linear discretisation scheme was applied 
to “Transport of Diluted Species in Porous Media”, “Heat Transfer in 
Porous Media”, and “Brinkman’s Equation” physics nodes. While the 

quadratic discretization was applied to the “Coefficient form Boundary 
PDE” and “Event Interface” physics nodes. Furthermore, as highlighted 
in Figure (A3a), the extremely coarse mesh was applied to the two- 
dimensional geometry, since no difference in results was observed at 
further reduced mesh size, i.e., normal coarse mesh, Figure (A3b). 
Figures (A3a) and (A3b) illustrate the two-dimensional geometry of the 
Micromeritics reactor, as well as the extremely coarse mesh applied. A 
summary of the overall modelling and simulation workflow is provided 
in Fig. 2.

5. Results and discussion

Although the model and experimental data reported by Maksimov 
et al. (Maksimov et al., 2021) was earlier modelled by a one- 
dimensional approach using the Reaction Engineering node in COM
SOL, Table (A2) and Figure (A3). Restimulation using more accurate 
two-dimensional approach with coupled “Transport of Diluted Species 
in Porous Media”, and “Heat Transfer in Porous Media”, “Brinkman 
Equation”, as well as other physic nodes, may be necessary to obtain 
better results, Fig. 3a, and Table 5, as it simulates more precisely the 
experimental condition.

The results show that CO2 conversion of 24.2 %, and methanol yield 
of 16 % with temperature rising from 230 ◦C to about 270 ◦C, as well as a 
pressure drop across the reactor of about 1900 Pa, Fig. 3a – 3c and 
Fig. 4a – 4c for dynamic and steady-state simulation. The subsequent 
molar composition of reactor species, Table 5, especially the molar 
amount of methanol, is well within limit of the experimental results 
deduced by Maksimov et al. (Maksimov et al., 2021).

Additionally, the results from this COMSOL simulation, Fig. 3a and 
4a can also be validated with the observed trends in other similarly 
reported literature, such as the Perez-Fortes et al. (Pérez-Fortes et al., 

Fig. 3. Dynamic simulation of two-dimensional modelled methanol synthesis Micromeritics reactor.

Table 5 
Comparison of Maksimov et al. (Maksimov et al., 2021) and two-dimensional 
COMSOL simulated results.

Final molar composition 
(%)

Maksimov et al. (Maksimov et al., 
2021)

COMSOL

Carbon monoxide 2.400 2.96
Carbon dioxide 19.00 18.2
Hydrogen 62.00 60.5
Methanol 2.500 2.89
Water 5.000 5.85
Nitrogen 9.100 9.60

Fig. 4. Steady-state simulation of two-dimensional modelled methanol synthesis Micromeritics reactor.
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2016) report, which illustrated the volumetric composition of species in 
an adiabatic ideal plug flow reactor (PFR). And as well as the Izbassarov 
et al. (Izbassarov et al., 2021) report, which illustrated the mass fraction 
profiles of reactants for the 2D fixed-bed reactor.

Having validated the COMSOL simulation result, it is also necessary 
to evaluate the model adequacy and assess the optimal operating con
ditions of key reactor responses, which include carbon dioxide conver
sion and methanol yield (as indicators of reaction efficiency), 
temperature, as well as pressure drop profile along the reactor length. 
This investigation is carried out by examining the influence of catalyst 
characteristics (i.e., bed porosity), reaction stoichiometry (hydrogen to 
carbon stoichiometry ratio), Gas-Hourly-Space-Velocity, temperature, 
and pressure.Fig. 5a – 5d and 6a – 6d present the dynamic and steady- 
state simulations for varying bed porosity (εpm = 0.1 – 0.5), at a fixed 
stoichiometric ratio (SH = 1), Gas-Hourly-Space-Velocity (GHSV =
2800 h− 1), initial temperature (230 ◦C), and reactor pressure (60 bar). 
The results indicate that bed porosity significantly influences the reactor 
performance. As anticipated, lower bed porosity leads to higher carbon 
dioxide conversion, and methanol yield. This is attributed to a more 
tightly packed catalyst bed, which typically results from smaller average 
catalyst particle sizes, thereby increasing the number of active catalytic 
sites available for the reaction. Additionally, a densely packed catalyst 
bed offers greater catalyst mass, which enhances its capacity to absorb 
the exothermic heat released during the reaction. This consequently 
results in a lower reactor temperature, as observed in Fig. 5c and 6c. 
Conversely, increasing porosity reduces the available catalyst mass, 
thereby limiting heat absorption, and leads to a rise in reactor temper
ature. This behavior reinforces the importance of bed porosity optimi
zation for effective thermal regulation and improved methanol synthesis 
efficiency.

A critical look at the result indicates bed porosity has a nonlinear 

relationship, especially at εpm < 0.2. It can be inferred that the hy
pothesis of more available active sites to catalyse the reaction for lower 
porosity is quite negligible at εpm = 0.2 – 0.5, although observable at εpm 

< 0.2. This is because CO2 conversion at εpm = 0.2 – 0.5 are the same 
(~24 %), Fig. 5a and 6a, while for εpm = 0.1, it’s about 25 %. However, 
the methanol yield, Fig. 5b and 6b, is not commensurate with the carbon 
dioxide conversion. It can be observed that the methanol yield at εpm =

0.2 – 0.5 increases with lower porosity, unlike for carbon dioxide con
version. Noticeably, as observed for carbon dioxide conversion, the 
methanol yield for εpm = 0.1 is significantly different from εpm = 0.2 – 
0.5. Moreover, while the results for methanol yield for dynamic simu
lation, Fig. 5b, seem quite linearly proportional for εpm = 0.2 – 0.5, for 
steady-state simulation, Fig. 6b, the result seems nonlinear with quite a 
negligible difference for εpm = 0.2 – 0.3, as well as εpm = 0.4 – 0.5. 
Having observed that the inferred hypothesis of increasing active sites 
with lower porosity is quite negligible at εpm = 0.2 – 0.5, however results 
of reactor temperature, Fig. 5c and 6c seem to indicate that methanol 
yield proportionally corresponds with it. This suggests that although the 
carbon dioxide conversion for εpm = 0.2 – 0.5 is about the same; the 
methanol yield is, however, influenced by temperature, as also reported 
in literature (Hafeez et al., 2020). Specifically, the result shows that 
lower reactor temperatures at the given reactor pressure of 60 bar favour 
the formation of methanol, i.e., Equation (1), and higher temperatures 
shift the equilibrium towards the formation of carbon monoxide, 
Equation (2).

Furthermore, as expected, the result of the simulation shows that the 
lower the bed porosity, the higher the pressure drop across the reactor, 
Fig. 5d and 6d. This is because, for a tightly loaded catalyst bed, the 
limiting constraint of fluid flow through the bed will result in a higher 
force per area to cause the flow of reacting species. Notably, the effect of 

Fig. 5. Results for dynamic simulation of the effect of catalyst bed porosity on reactor responses.
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Fig. 6. Results for steady-state simulation of the effect of catalyst bed porosity on reactor responses.
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bed porosity on the pressure drops across the reactor, at the end of the 
dynamic, as well as the steady-state simulation, shows that the influence 
of bed porosity is highly nonlinear. Although bed porosity (which is 
proportional to particle size) and the Brinkman equation have been used 
for the pressure drop calculation, the preceding result is however, 
similar to that reported by Zhu et al. (Zhu et al., 2020) for pressure drop 
calculation using the Ergun equation for different catalyst particle sizes 
(0.50 – 2.00 mm).

Fig. 7a – 7d and 8a – 8d, show the dynamic and steady-state simu
lation of the effect of the stoichiometric ratio of hydrogen-carbon (i.e., 
SH = 1.00 – 3.00), at catalyst bed porosity (εpm = 0.34), Gas-Hourly- 
Space-Velocity (GHSV = 2800 h− 1), initial reaction temperature 
(230 ◦C), and reactor pressure (60 bar). As expected, the conversion of 
carbon dioxide, Fig. 7a and 7a, and methanol yield, Fig. 7b and 8b, 
proportionally increased with increasing stoichiometric ratio of 
hydrogen-carbon as reported in literature (Takagawa and Ohsugi, 
1987). This is because, considering hydrogen is the limiting reactant, the 
higher the SH, the more active sites on the catalyst are occupied with 
hydrogen to enhance a higher reaction probability (Gao et al., 2009). 
However, depending on available active sites on the catalyst, too high an 
increase in the stoichiometric ratio of hydrogen-carbon can saturate the 
active site, such that further increase will no longer affect the conversion 
of carbon dioxide and methanol yield.

Typically, some literature reported the optimal conversion of carbon 
dioxide and methanol yield at SH < 3.00 (Pérez-Fortes et al., 2016; 
Bampaou et al., 2021; Xing et al., 2020), while some literature reported 
optimal value at SH > 3.00 (Collins-Martinez et al., 2013). This disparity 
in the reported optimal SH is likely due to the nature of the catalyst 
applied. Specifically, the carbon dioxide conversion is about 25 %, 35 %, 
and 42 % with corresponding methanol yield of about 12 %, 19 %, and 

22 % for SH = 1, 2, and 3, respectively. Although the model can illus
trate that increasing SH increases carbon dioxide conversion and 
methanol yield, however in practice this may be infeasible as the 
maximum conversion of carbon dioxide is mainly dependent on the type 
of catalyst applied and is usually around 25 % (Izbassarov et al., 2021; 
Lombardelli et al., 2022), but may as well increase to as high as 69 % 
with recycle (Leonzio et al., 2019), which is comparative to the influ
ence of higher SH.

Regarding the reactor temperature, Fig. 7c and 8c. It can be observed 
that increasing the SH increases the reaction conversion and methanol 
yield, as such a greater quantity of product species is formed, invariably 
the greater release of heat energy, and thus the higher the reactor 
temperature, Fig. 7c – 8c. However, it can be observed that while there is 
a significant difference in temperature between SH = 1 and 2, the dif
ference between SH = 2 and 3 is quite negligible. Moreover, contrary to 
the effect of SH on reactor temperature, the effect of SH on pressure drop 
along the reactor length is quite negligible, Fig. 7d – 8d. This is expected 
as there is no direct relationship between the SH on the model for 
pressure drop applied, Equation (10) – (11), rather the slight variation in 
pressure drop between SH = 1 and SH ≥ 2, is due to volumetric change 
in gaseous species due to reaction.

Fig. 9a – 9d and 10a – 10d, present the dynamic and steady-state 
simulation results illustrating the effect of the Gas-Hourly-Space- 
Velocity (i.e., GHSV = 1400 – 8400 h− 1) for a stoichiometric ratio of 
hydrogen-carbon (SH = 1.00), catalyst bed porosity (εpm = 0.34), initial 
reaction temperature (230 ◦C), and reactor pressure (60 bar). GHSV 
represents the volumetric amount of reactant species through the cata
lyst volume. As anticipated, for a given amount of catalyst, GHSV below 
or within the saturation limit of the catalyst active site coverage will 
enhance high CO2 conversion, and subsequently high CH3OH yield. 

Fig. 7. Results for dynamic simulation of the effect of stoichiometric ratio on reactor responses.
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However, when the GHSV is well above the saturation limit of the 
catalyst, a lower conversion of reactant should be expected. Fig. 9a and 
9a, specifically illustrate the preceding hypothesis: GHSV = 1400 – 
5600 h− 1, is likely below or within the saturation limit of the catalyst, 
unlike GHSV = 8400 h− 1, which is well above the saturation limit. This 
is because the CO2 conversion for GHSV = 1400, 2800 and 5600 h− 1 are 
higher (i.e., 25, 24.4, and 24.2 %) than that of GHSV = 8400 h− 1 (i.e., 
17 %). These findings underscore the critical role of GHSV optimisation. 
While increasing GHSV can improve throughput, excessive values can 
hinder conversion efficiency due to mass transfer limitations and 
reduced catalyst utilization.

Consequently, for GHSV closer to the catalyst saturation limit, the 
high amount of reactant species consumed will result in high heat of 
reaction, leading to higher reactor temperature, compared to GHSV well 
below the saturation limit. This is because a lesser amount of reactant is 
fed for lower GHSV, and even though high conversion of reactants will 
also occur, as does when GHSV is closer to the catalyst saturation limit. 
The corresponding difference in the total amount of reactant consumed 
in the reaction will cause a difference in reaction temperature. This 
explains why GHSV = 2800 and 5600 h− 1 resulted in higher tempera
tures (i.e., ~ 275 and 268 ◦C) than GHSV = 1400 h− 1 with a temperature 
of about 258 ◦C. However, for GHSV well above the catalyst saturation 
limit, the high amount of unreacted species absorbs/dilutes the resulting 
heat of the reaction, and as such lowers the reactor temperature. This 
explains why GHSV = 8400 h− 1 had the lowest temperature(243 ◦C). 
Furthermore, apart from GHSV = 8400 h− 1 with the lowest CO2 con
version (17 %), as such expected to also result in the lowest CH3OH yield 
(6.3 %), Fig. 9b and 10b. GHSV = 1400, 2800, and 5600 h− 1, although 
with similar CO2 conversion (i.e., 25, 24.4, and 24.2 %), the methanol 

yield (14.5, 12, 10.5 %) is, respectively, significantly different, due to 
the influence of reactor temperatures. As earlier inferred, lower tem
perature favours higher methanol yield. The result for the variation of 
GHSV = 2800 and 5600 h− 1 on methanol composition in Maksimov 
et al. (Maksimov et al., 2021) report, validates the result of this simu
lation, Fig. 9b. Regarding the pressure drop along the reactor, Fig. 9d 
and 9d, as expected, it can be observed that higher GHSV results in a 
higher pressure drop. This is because high GHSV also implies high fluid 
velocity through the porous bed, thus increasing the fluid momentum, 
nd as such, the reactor pressure.

Fig. 11a – 11d and 12a – 12d, show the dynamic and steady-state 
simulation of the effect of the reaction pressure (20 – 60 bar) for a 
Gas-Hourly-Space-Velocity (GHSV = 2800 h− 1), stoichiometric ratio of 
hydrogen-carbon (SH = 1.00), catalyst bed porosity (εpm = 0.34), and 
initial reaction temperature (230 ◦C). In general, the result shows that 
increasing reaction pressure proportionally increases CO2 conversion, 
Fig. 11a and 12a, and CH3OH yield Fig. 11b and 12b, as well as causes 
slight changes in the pressure drop across the reactor, Fig. 11d and 12d. 
The preceding inference on the influence of pressure on CO2 conversion/ 
CH3OH yield conforms with reports from literature (Maksimov et al., 
2021; Liu et al., 1996).

Regarding the reactor temperature, it can be observed that 
increasing reaction pressure enhances reactivity and, as such, increases 
the reactor temperature, Fig. 11c and 12c. Noticeably, at the lowest 
pressure of 20 bar for the initial temperature of 230 ◦C, the lowest CO2 
conversion, and methanol yield are observed, as well as a drop in the 
reactor temperature. This decrease in temperature could be attributed to 
the fact that in this condition, the reverse water gas shift reaction, 
Equation (2), which is endothermic, seems to predominantly prevail, 

Fig. 8. Results for steady-state simulation of the effect of stoichiometric ratio on reactor responses.
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compared to the exothermic formation of methanol, Equations (1), and 
(3).

Fig. 13a – 13d and 14a – 14d, show the dynamic and steady-state 
simulation of the effect of the constant reaction temperature (200 – 
280 ◦C), for a Gas-Hourly-Space-Velocity (GHSV = 2800 h− 1), stoi
chiometric ratio of hydrogen-carbon (SH = 1.00), catalyst bed porosity 
(εpm = 0.34), initial reaction temperature (230 ◦C), and reactor pressure 
(60 bar). The result shows that reaction temperature within the range of 
240 ± 10◦C seems to be optimal for the operating pressure. This is 
because the highest CO2 conversion and CH3OH yield occur within this 
temperature region. Furthermore, it can be observed that CO2 conver
sion increases with temperature from 200 ◦C to 240 ◦C, after which CO2 
consumption diminishes with further increase in temperature (i.e., 260 – 
280 ◦C in this case), Fig. 13a and 14a. Similarly, the methanol yield also 
increased with temperature from 200 ◦C to 240 ◦C, after which it 
decreased (i.e., 260 – 280 ◦C). However, in this case, methanol yield is 
lower for 260 and 280 ◦C compared to 220 ◦C, as opposed to CO2 con
version for 260 and 280 ◦C, which is higher than for 220 ◦C, Fig. 13b and 
14b.

Additionally, the variation in reactor temperature is observed to 
have a negligible effect on the pressure drop across the reactor, Fig. 13c 
and 14c. The observation of the effect of temperature optimality on CO2 
conversion/CH3OH yield conforms with the observation from literature 
(Maksimov et al., 2021; Iyer et al., 2015; Jahanmiri and Eslamloueyan, 
2002).

Furthermore, in addition to reaction performance, the heat transfer 
in the reactor was also elaborately modelled. To evaluate the heat 
transfer, cooling of the reactor with gaseous nitrogen coolant (20 ◦C) is 

initiated, to depict the necessary prevailing assumption that the heat 
energy through the reactor is conserved, i.e., the heat transfer from 
reactor to inner wall, QR− W, heat transfer across reactor wall, QW, heat 
transfer from outer wall to coolant, QW− C are all equal and as such the 
same as, QR− C, Fig. 15b. Which is a necessary assumption used to deduce 
the heat transfer coefficient of heating, hR, and cooling, hC, fluids, 
Fig. 15c, through the iterative estimation of the reactor wall temperature 
(i.e., hot, Twh and cold, Twc sides), Fig. 15a.

Having evaluated the adequacy of the heat transfer model through 
cooling of the Micromeritics reactor, the thermostatic regulation of the 
reactor temperature within 239 – 241 ◦C was then implemented using 
the temperature of the outlet section of the reactor via the Event Inter
face in COMSOL Multiphysics. The result indicates the reactor temper
ature, Fig. 16a is adequately within the set limits of the temperature 
upper and lower bounds, except for the lower bounds, which go to about 
239.4 ◦C. The resulting heat flow between the hot and cooling fluid, 
Fig. 16b, and heat transfer coefficients for the hot and cool fluid, 
Fig. 16c, are also highlighted. It can be observed that the heat transfer 
coefficient for both fluids converge at the upper and lower bounds 
specified, and heat transfer coefficients of the fluids increase and 
decrease with temperature as a result of the continuous deviation of 
reactor temperature from set bounds during regulation by the thermo
stat within these bounds, thus the reason for the observed oscillatory 
fluctuation of heat transfer coefficients. While hC ≅ 1.05 W m− 2 K− 1 for 
both bounds, hR varied from 79.9 – 79.7 W m− 2 K− 1 for the lower–upper 
bound. However, the observed oscillatory fluctuation from these bounds 
for hC showed more variation from 0.05 to 2.60W m− 2 K− 1 (i.e., ±100 % 
changes) in comparison to hR with 78.8 – 81.4W m− 2 K− 1 (i.e., about ±
1 % changes) throughout the regulation process. This is because the 

Fig. 9. Results for dynamic simulation of the effect of GHSV on reactor responses.
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Fig. 10. Results for steady-state simulation of the effect of GHSV on reactor responses.
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Fig. 11. Results for dynamic simulation of the effect of pressure on reactor responses.
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temperature change in the cooling fluid is larger, 20 – 240.5 ◦C, than the 
reactor temperature, 239 – 241 ◦C. In addition to the fact that the spe
cific heat capacity of the coolant (Nitrogen) at standard temperature and 
pressure is very low in comparison to that of the individual and/or re
actants mixture.

Finally, based on the results thus far, it can be observed that the 
difference between the dynamic and steady-state model/simulation, 
Figs. 3 – 14, in general, indicates quite a significant difference (i.e., 
trends) along the catalyst bed. However, the results of the final outlets 
are quite similar, with a difference of < 2 %. Therefore, either dynamic 

or steady-state model is adequate to simulate the methanol reactor. As 
such, based on steady-state simulation, and with the highlighted per
formance of the simulation thus far, on parameter variations on reactor 
response. The simulation can be translated into a smaller-scale digital 
twin of a laboratory Micromeritics reactor, Fig. 17a – 17c, and an 
industrial-sized reactor, Fig. 18a – 18c. The parameters used for these 
simulations are highlighted in Table 6, with additional data given in 
Table 2, except for a negligible amount of nitrogen in the feed stream. 
The observed difference in reactor content, conversion, and yield from 
both cases can be attributed to the difference in operating pressure, 

Fig. 12. Results for steady-state simulation of the effect of pressure on reactor responses.

Fig. 13. Results for dynamic simulation of the effect of temperature on reactor responses.
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initial temperature, and GHSV, following the preceding inferences for 
these parameters. Noticeably, it can be observed that the laboratory 
reactor operated at a higher GHSV of 2273 h− 1, due to its shorter length, 
as opposed to 1400 h− 1 for the single-tube industrial-sized reactor with a 
longer length. This is because too high GHSV for a longer packed bed 
increases its pressure drop significantly, such that it can exceed the 
reactor operating pressure, and cause problems.

6. Conclusion

In conclusion, a porous-based Micromeritics reactor for methanol 

synthesis was designed via a Langmuir-Hinshelwood-Hougen-Watson 
(LHHW) type kinetic model, in addition to adequate modelling heat 
transfer across the reactor, as well as the thermostat regulation of 
reactor temperature (239 – 241 ◦C) was implemented via the Event 
Interface node in COMSOL Multiphysics. A two-dimensional reactor 
design with coupled physics node: Transport of Diluted Species in 
Porous Media; Heat Transfer in Porous Media; Brinkman Equation 
Interface, etc. were simulated for both dynamic and steady-state con
ditions, compared and validated with experimentally deduced model, as 
well as operation conditions (i.e., 60 bar, 230 ◦C, etc.) reported in 
literature. Having validated the COMSOL simulated result, the adequacy 

Fig. 14. Results for steady-state simulation of the effect of temperature on reactor responses.

Fig. 15. Dynamic simulation of heat transfer phenomenon across the reactor.

Fig. 16. Dynamic simulation of thermostatic regulation of reactor temperature.
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and/or optimal operating conditions of important reactor responses (i. 
e., carbon dioxide conversion, methanol yield, reactor temperature, and 
pressure drop) were evaluated by varying the bed porosity (εpm = 0.1 – 
0.5), hydrogen to carbon stoichiometry ratio (SH = 1 – 3), Gas-Hourly- 
Space-Velocity (GHSV = 1400 – 8400 h− 1), reactor temperature, and 
pressure drop. It was observed that with lower bed porosity, a nonlinear 
increase in reaction performance occurred, especially for εpm < 0.2, 
where the highest carbon dioxide conversion and methanol yield were 
recorded. Contrary to porosity, increasing hydrogen to carbon stoichi
ometry ratio increases carbon dioxide conversion and methanol yield to 
as high as 43 % and 24 % at SH = 3, which may be obtainable in practice 
by incorporating recycling of unreacted streams, which can be thought 
to be comparable to the influence of higher SH. It was observed that 
lower Gas-Hourly-Space-Velocity ensures adequate consumption of 

carbon dioxide and methanol yield, especially for a GHSV well below the 
saturation limit of the catalyst active site coverage. Regarding reaction 
pressure, it was observed that reaction performance increased with 
increasing reactor pressure at a reactor temperature of 230 ◦C. While at 
the reactor pressure of 60 bar, varying the reactor at constant temper
atures from 200 ◦C until 240 ± 10◦C, enhances carbon dioxide conver
sion, after which it can be observed that the reaction performance 
declines, thus suggesting the optimal temperature is within this range. 
Furthermore, to the evaluation of reaction performance, the heat 
transfer in the reactor was also elaborately modelled, and a thermostatic 
regulator via gaseous coolant nitrogen was used to regulate the reactor 
temperature. Finally, based on the adequacy of the model, the model 
was simulated for a smaller-scale digital twin Micromeritics reactor, and 
for a single-tube industrial-sized reactor. And the results showed that 
while low to high GHSV can be applied to Micromeritics reactor, low 
GHSV is required for industrial-sized reactors, due to the effect of 
pressure drop. Therefore, the findings of the work can serve as a basis for 
accurate design, sizing, and cost estimation of industrial-sized methanol 
reactors.

CRediT authorship contribution statement

Samuel Emebu: Writing – original draft, Resources, Methodology, 
Funding acquisition, Conceptualization, Writing – review & editing, 
Software, Project administration, Investigation, Formal analysis. Esko 
Juhani Lahdenpera: Writing – review & editing, Software, Visualiza
tion. Michael Chukwuemeka Ekwonu: Visualization, Writing – review 
& editing, Validation. Ibrahim Shaikh: Visualization, Conceptualiza
tion, Writing – review & editing, Project administration. Arto Laari: 
Visualization, Resources, Supervision. Ojeaga Imanah: Visualization, 

Fig. 17. Steady-state simulation of two-dimensional in-house digital twin Micromeritics reactor.

Fig. 18. Steady-state simulation of two-dimensional single-tube industrial-sized reactor for methanol synthesis.

Table 6 
Specification of reactor design details, and reaction conditions (Rashid, 2023; 
Leonzio and Foscolo, 2020).

Parameter Digital twin Micromeritics 
reactor

Industrial-sized 
reactor

Inner diameter, DR− i (mm) 9.120 50.80
Total length of parent tube, L 

(mm)
52.00 8200

Length of catalyst bed, Lpm 

(mm)
50.52 8000

Reactor wall thinkness, xw 

(mm)
1.000 2.000

Bed porosity, εpm (− ) 0.340 0.450
Initial temperature (◦C) 240.0 225.0
Pressure (bar) 50.00 55.00
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Appendix 1 

As generally obtainable for the LHHW reaction rate model, rj=1,2&3(mol.kg− 1.s− 1), Equation (5) – (8), with defined adsorption term, θ*, and other 
factors are defined by Arrhenius models, Equation (A.1) – (A.9), i.e., Adsorption constants: K1, K2 and K3 = K3a/K0.5

3b ; Reaction rate constant: KP1, 
KP2(mol kgct

-1 s− 1 bar− 1), and KP3(mol kgct
-1 s− 1 bar− 0.5), as well as the equilibrium constants, KE1, KE2 and KE3. Where R and T are the ideal gas constant 

8.3145 (J mol− 1 K− 1), and temperature (K).
Reaction rate constant: 

KP1 = 0.8303exp

(

−
32200[J mol− 1

]

RT

)

(A1) 

KP2 = 0.1957exp

(

−
25400[J mol− 1

]

RT

)

(A2) 

KP3 = 32400exp

(

−
64700[J mol− 1

]

RT

)

(A3) 

Equilibrium constants: 

KE1 = 10− 12.621+5139[K]/T (A4) 

KE2 = KE1KE3 (A5) 

KE3 = 102.029− 2073[K]/T (A6) 

Adsorption constants for CO, CO2, H2O, and H2: 

K1 = 5.10 × 10− 4exp

(
13400[J mol− 1

]

RT

)

(A7) 

K2 = 4.90 × 10− 2exp

(
1260[J mol− 1

]

RT

)

(A8) 

K3 = 3.18 × 10− 10exp

(
101000[J mol− 1

]

RT

)

(A9) 

The Table (A1) and Figure (A1a) – (A1b) are the results for a one-dimensional COMSOL Multiphysics simulated comparison of different experimentally 
fitted Graaf et al. LHHW type model, Equation (5) – (8), from reported literature, based on data given in Table 2 with GHSV = 2800 h− 1.

Table A1 
Comparison of experimental fitted Graaf et al. LHHW type model at 60 bar and 230 ◦C.

Reported model Applicable condition % CO2 conversion % CH3OH yield Applicability for simulation

Original Graaf et al. (Graaf et al., 1988) 15 – 50 bar & 210 –245 ◦C. ~27.52 % ~22.67 % Yes
Refitted (Maksimov et al., 2021) 20 – 60 bar & 210 –270 ◦C. ~27.52 % ~22.66 % Yes
Refitted (Portha et al., 2017) 50 – 80 bar & 200 –230 ◦C. ~24.64 % ~24.64 % Yes
Refitted (Lombardelli et al., 2022) 30 – 68 bar & 250 ◦C. ~27.52 % ~22.66 % Yes
Refitted (Khawaja and Usman, 2024) 50 bar & 210 –270 ◦C. ~27.44 % ~22.61 % Yes

Note that the result for Portha et al. (Portha et al., 2017) was obtained with a slight correction for the equilibrium constant of KE3; Equation (A6), 
which may have been a typo error in the constant value of the exponent (i.e., 2.029) as reported by Graaf et al. (Graaf et al., 1988) instead of − 2.029 as 
reported by Portha et al. (Portha et al., 2017). 
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Fig. A1a. Different simulated experimental Graaf et al. LHHW type models at 60 bar and 230 ◦C
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Fig. A1b. Different simulated experimental Graaf et al. LHHW-type models at 60 bar and 230 ◦C

Table A2 
Comparison of Maksimov et al. (Maksimov et al., 2021) and COMSOL simulated results.

Exit molar composition (%) Maksimov et al. (Maksimov et al., 2021) COMSOL

Carbon monoxide 2.400 1.230
Carbon dioxide 19.00 18.37
Hydrogen 62.00 57.57
Methanol 2.500 5.730
Water 5.000 6.960
Nitrogen 9.100 10.14

Fig. A2. Comparison of Maksimov et al. (Maksimov et al., 2021) with COMSOL simulated results

Figure (A3b) highlights the two-dimensional discretisation of the extremely coarse mesh applied to the geometry of the Micromeritics reactor, 
Figure (A3a).

Fig. A3. Illustration of discretisation mesh applicable to the reactor geometry

Figure (A3) shows the comparison of results between extremely coarse and normal mesh, based on the composition of the reactor at steady-state, 
and the result shows no difference. Therefore, it implies that the extremely coarse mesh can be used for simulation to reduce computational time. 
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Fig. A4. Comparison of reactor composition at different mesh for steady-state simulation

In general, Equations (9), (12) – (14) respectively express the gradient, ∇Φ, Equation (A10), and Laplace equation or Laplacian, ∇2Φ, Equation 
(A11), for cylindrical coordinates Φ(r, θ, z) with r, θ, and z being the radial, azimuthal, and vertical coordinates of the cylinder. Where Φ represents 
quantities such as concentration, pressure, temperature, etc. (Curl, Divergence, and gradient in cylindrical and spherical coordinates) and ei=r,θ,z is the 
unit vector field that represents the standard orthonormal basis in the cylindrical coordinates.

∇Φ = dΦ
dr er +

1
r

dΦ
dθeθ + dΦ

dzez(A10).

∇2Φ = 1
r

d
dr

(

r dΦ
dr

)

+ 1
r

d2Φ
dθ2 + d2Φ

dz2 (A11).
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