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A B S T R A C T   

The extensive utilization of fossil fuel energy has caused severe degradation to our environment, therefore the 
search for new clean efficient energy is the need of the hour. Photocatalytic conversion of CO2 to solar fuels, and 
artificial photosynthesis, offer a promising solution for the energy crisis and global warming. Improving effi
ciency in the photo-reduction of CO2 to fuels involves developing highly efficient catalysts and optimizing 
photoreactor configuration. Photocatalysis is a process in which light radiations having energy equal to or 
greater than the band gap energy (Ebg) of a semiconductor strikes on its surface and generates electron (e− ) hole 
(h+) pairs. The photogenerated electrons and holes participate in various oxidation and reduction processes to 
produce final products. This field focuses on harnessing solar energy to drive the conversion of carbon dioxide 
into hydrocarbon fuels, showcasing significant potential for sustainable energy solutions. The global methanol 
market was valued at $30.9 billion in 2023 and is projected to reach $38 billion by 2028, growing at 4.2 % CAGR 
during the forecast period. For determining the feasibility of reactions on a larger scale, simulations must be 
performed at different conditions for obtaining higher conversion and cost-effective management of the process 
at the industrial level. So, a simulation of methanol photoreactors using different software was done to examine 
the kinetics of methanol reactors by employing ASPEN, DWSIM, and MATLAB software for simulating experi
mental data.   

1. Introduction 

The ever-increasing requirement for energy has been fuelled by rapid 
economic growth. A clear result of this is a rise in the use of fuels, 
especially conventional fossil fuels (coal, oil, and natural gas). The 
growth in global energy demands has resulted in a significant increase in 
CO2 concentration in the atmosphere, as well as global warming. There 
is a growing interest in capturing CO2 emissions before they are released 
into the environment or modifying the fuel to produce positive levels. 
Photocatalytic hydrogenation is the oldest and most effective approach 
for converting CO2 into value-added compounds. Photocatalysts have 

been studied for their ability to reduce CO2 and produce various fuel 
products [1]. Photocatalytic reduction of CO2 can yield significant 
chemicals like methane and methanol. Various photocatalysts, such as 
TiO2, carbon-based nano-composites, and co-catalysts, have been stud
ied for CO2 reduction [2]. Carbon capture and removal from industrial 
sources, as well as reductions in fossil fuel usage, are needed to maintain 
and potentially reduce average CO2 concentrations in the atmosphere. 
Although carbon capture and sequestration have been suggested as so
lutions, another viable option is carbon capture and recycling, in which 
CO2 is recycled into fuels and materials. By combining CO2 and H2O 
several fuel-related products, such as CH4, CH3OH, and HCOOH, can be 
generated. H2can be made by electrolyzing H2O with renewable energy 
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sources, including solar and wind. CO2 is usually stable and not easily 
reduced under simple conditions, making traditional methods 
energy-intensive [3]. There is growing interest in using photocatalysis to 
turn CO2 into fuels. This process is more efficient because it uses light 
energy to activate CO2 at regular temperatures and lower pressure [4]. 
Developing a feasible photocatalysis process seems promising in 
creating energy-rich compounds. The conversion of CO2 requires acti
vation through the introduction of high-energy electrons. Large-scale 
CO2 processes can be energy-intensive, relying on fossil energy and 
emitting additional CO2 during combustion. 

In the field of photocatalysis, the careful selection of both the pho
toreactor and catalyst support is crucial for achieving effective photo
reduction. An efficient photoreactor is characterized by a high ratio of 
active catalyst surface area to reactor volume, uniform light distribution 
and utilization, high photonic efficiency, and high throughput with 
minimal power consumption [7,8]. Consequently, researchers have 
dedicated their efforts to exploring methods of anchoring catalysts onto 
supports to optimize conversion efficiencies. From 1980 to 2000, there 
was extensive investigation into slurry-type photoreactors for the pho
tocatalytic reduction of CO2. However, D. Lu et al. studied that the ef
ficiency of CO2 reduction in a slurry-type reactor faces limitations due to 
challenges such as uneven light distribution, catalyst attrition, diffi
culties in product separation, and issues with catalyst recycling [8,9]. 
Zhou et al. studied that the ultrathin shape of the nanoplates also en
courages charge carriers to travel quickly from the interior to the surface 
to participate in the photoreduction reaction, which should result in 
better separation of the photogenerated electron and hole and a lower 
electron-hole recombination rate [3]. Shu et al. studied the development 
of low-energy CO2 conversion technologies establishing its importance 
in decarbonized energy system [10]. 

As studied by Kothandaraman et al. methanol is the most appealing 
CO2 hydrogenation product because it can be used as a drop-in liquid 
fuel for internal combustion engines and Direct Methanol Fuel Cells 
(DMFC) [11]. It is one of the most important building blocks in the 
chemical industry, with an annual production of a billion litre/year. 
Methanol has a high energy density and can be easily transported and 
stored, making it a practical option for reducing carbon emissions in 
transportation. Additionally, the production of methanol from CO2 helps 
in recycling and reusing carbon dioxide instead of releasing it into the 
atmosphere. Its industrial-scale synthesis is based on syngas and 

Cu/ZnO/Al2O3-type heterogeneous catalysts under high pressure and 
high temperature (>200 ◦C). It has several facets – science, economics, 
culture, politics, and moral and ethical concerns – and is a global phe
nomenon that will be felt on local scales for decades and centuries. There 
is an increasing interest in capturing CO2 emissions before they are 
released into the environment, as well as changing fuel to achieve pos
itive amounts. Despite other attempts, photocatalytic hydrogenation 
remains the oldest and most successful method of turning CO2 into 
value-added chemicals. Photocatalysts have been explored for their 
ability to reduce CO2 emissions and produce various fuel products [1]. 
Hossen et al. presented a systematic summary of current advancements 
and upcoming difficulties in TiO2-based photocatalysts for CO2 con
version to hydrocarbon fuels. This review paper thoroughly discusses 
TiO2 modification approaches to boost CO2 photoreduction [12]. Astuti 
et al. proved the feasibility of an integrated CO2 capture and utilization 
system. The study compares the usage of TiO2 and ZnO photocatalysts 
for CO2 reduction to generate formic acid and finds that ZnO is a better 
photocatalyst than TiO2 [13]. 

Hamon et al. stated that Metal Organic Frameworks (MOFs) are 
gaining popularity as possible co-catalysts for fuel capture and CO2 
conversion. MOFs are well-known for their distinctive properties, 
including high porosity and chemical tenability [14]. Modified MOF 
photocatalysts are functionalized to boost light collection while 
decreasing charge carrier recombination, resulting in increased photo
catalytic performance [15]. MOFs offer several advantages for photo
catalysis: (1) high porosity facilitates effective exposure of active sites 
and transport of substrates/products, enhancing catalytic efficiency, (2) 
tunable structure extends light response range, (3) crystalline nature 
reduces electron-hole recombination, (4) porous structure shortens 
charge carrier migration paths, enhancing electron-hole separation, (5) 
flexible positioning of photosensitizers/cocatalysts promotes spatial 
separation of electron-hole pairs, and (6) well-defined structures aid in 
understanding structure-activity relationships. MOFs initiate photo
catalytic reactions by harnessing light energy, which excites electrons 
from the valence band to the conduction band, generating 
photo-induced charge carriers [16]. Zhang et al. studied several tech
niques that have been developed to improve the photocatalytic activity 
of MOFs under solar irradiation, including enriching metal clusters and 
organic linkers and including foreign photocatalytic species such as 
metallic debris, semiconductors, and photo sensitizers [17]. 

Nomenclature 

CO2 - Carbon dioxide 
MOF – Metal organic framework 
H2O - Water 
CH3OH - Methanol 
HCOOH – Formic acid 
CH4 - Methane 
DMFC - Direct methanol fuel cells 
WGS – Water gas shift 
DME - Dimethyl ether 
H2 – Hydrogen 
OMTP - Offset Multi Tubular Photoreactor 
VB – Valence band 
CB – Conduction band 
DCA - Dichloroacetic Acid 
CFD - Computational fluid dynamics 
RK - Redlich-Kwong 
SRK - Soave-Redlich-Kwong 
PR - Peng Robinson 
NZCE - Near-zero carbon emission 
ODE - Ordinary differential equation 

NRTL - Non-random two-liquid 
UNIQUAC - Universal quasichemical 
RSM - Response surface model 
DOE – Design of experiments 
CPCP - Compound parabolic collector photoreactor 
FPP – Flat plate photoreactor 
k – Rate of reaction 
K – Equilibrium constant 
P – Pressure 
T – Temperature 
TiO2 – Titanium oxide 
LHHW - Langmuir-Hinshelwood-Hougen-Watson 
RSM - Response surface model 
SFM - Six-flux model 
RTE - Radiative Transfer Equation 
DOM - Discrete ordinate method 
OVRPA - overall absorption rate of photon absorption 
LVRPA - Local volumetric photon absorption rate 
VRPA - Volumetric rate of photon absorption 
MC - Monte Carlo 
LVREA - Local volumetric rate energy absorption  
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These challenges can only be addressed by a mitigation approach. It 
is by reducing and stabilizing the rate of heat-trapping greenhouse gases 
in the atmosphere. Earlier, the study of optimization and comparison of 
reactors for methanol production has not been done so this paper in
tends to address those gaps. 

The objective of the paper is given as follows. 

1. To perform ASPEN HYSYS simulation of large-scale methanol pro
duction plant for determining the optimum flue gas composition to 
give maximum conversion into methanol.  

2. To conduct kinetic studies for determining the optimum reaction 
conditions in reactor to get maximum methanol conversion.  

3. To perform studies on radiation transport phenomena in various 
photocatalytic reactor using PHOTOREAC and COMSOL software. 

2. Kinetic model for methanol production 

2.1. Reaction mechanism 

In the present era, methanol is predominantly acquired from syngas 
through the steam reforming process of natural gas. This comprises four 
primary stages: feed treatment for desulphurization, reforming to 
convert methane and steam into syngas, methanol synthesis for the 
transformation of syngas into methanol and water, and the purification 
of the final products, concluded by storage [18]. Graaf et al. did a kinetic 
model study based on dual-site adsorption called as 
Langmuir-Hinshelwood model using three reactions- Hydrogenation of 
CO2, Hydrogenation of CO and RWGS reaction over a commercial 
Cu/Zn/Al catalyst which are given as Eq (1), Eq (2) and Eq (3) in the 
paper [19]. After a few years, Bussche et al. studied that only the hy
drogenation of CO2 and WGS reactions together can give the same 
experimental accuracy [20]. Manenti et al. put forth a dynamic model 
for a methanol reactor and compared its outcomes with those of a 
steady-state reactor model, illustrating enhanced stability in the dy
namic model [21]. Rahman et al. investigated and validated the kinetic 
models in the literature by finding the best fit kinetic model developed 
by varying the CO2 pressure over Cu-based ZnO/Cr2O3 catalysts for 
methanol formation [22]. Apart from the three governing reactions Lim 
et al. considered a side reaction from the synthesis of methanol i.e. 
dimethyl ether (DME). The author includes DME formation since CO2 
shows negative conversions under certain conditions due to reversible 
water gas shift reaction (WGS). The author explains that for better 
reduction of CO2, water production must be increased which can be 
hence achieved by methanol conversion to DME [23]. Tamnitra et al. 
group researched bio-methanol formation from biogas. Bio-methanol is 
also called renewable methanol since it is formed from biogas which is 
produced from renewables like manure, food, waste, and tapioca starch 
or sugarcane residue. The two main reactions for methanol production 
from biogas are methane reforming and methanol synthesis. The 
methane reforming process consists of three main reactions: dry 
reforming of methane, steam reforming of methane, and water gas shift 
reaction. Here, the simulation was done based on the ten thousand litres 
per day capacity of bio-methanol production. The kinetic model of 
methanol synthesis is suitable for low-pressure conditions [24]. Azhari 
et al. evaluated several viewpoints on the catalytic behaviour of several 
types of catalysts from a mechanistic standpoint, as well as difficulties 
and insights for future development in terms of the sustainable devel
opment of CO2 hydrogenation to methanol [25]. Bussche et al. devised 
the model by include the equilibrium term to eliminate the problem of 
high-pressure circumstances, and it has since been utilized in the ma
jority of the literature [20]. 

2.2. Methanol reactor simulation 

Leonzio et al. derived the findings from an adiabatic kinetic reactor 
with gas recycle modelled in Aspen Plus, and a methanol reactor with 

wall heat exchange simulated in MATLAB. Results indicate that, under 
equilibrium conditions, the reactor with gas recycle achieves the highest 
CO2 conversion at 69%, operating at 473 K and 55 bar. Using pure CO2 
and H2 in the feed results in a lower overall reaction enthalpy change 
than with syngas. In the MATLAB kinetic simulation of the methanol 
reactor, minimal axial dispersion was observed, and the impact of the 
global heat exchange coefficient on reactor performance was less sig
nificant than the isothermal heat exchange fluid temperature [26]. 
Sharifian et al. based their studies on the simulation of CO2 and CO 
methanation, using Aspen Plus V8.6. They saw that at a higher pressure, 
the WGSR has a slight effect on the CO2 conversion. CO methanation led 
to more methane as a main product in the outlet stream than CO2 
methanation at the same operating conditions and stoichiometric feed 
ratio and thus concluded CO methanation is easier than CO2 at the same 
conditions [27]. Rujiroj et al. carried out simulation studies of the 
bio-methanol process from syngas. A one-dimensional heterogeneous 
model was used to simulate a catalytic reaction in a fixed-bed reactor. 
The simulation result from the reforming reaction showed an increasing 
temperature effect on CH4 and CO2 conversion, which corresponded to 
the laboratory findings. Methanol synthesis is best conducted at a tem
perature of 200 ◦C and a constant pressure of 4 bar [28]. Nieminen et al. 
compared the techno-economic potential of a reaction route to methanol 
via catalytic alcoholic solvents like 2-butanol or 1-butanol and the fea
sibilities of the conventional gas-phase process employing flowsheet 
modelling and economic analysis. They found that despite improved 
methanol yield, the presence of solvent adds complexity to the process 
and increases separation costs due to the high volatility of the alcohols 
and the formation of azeotropes. The author concluded that the novel 
reaction route by providing heat integration could optimize the tradi
tional process. Eqs (1)–(9) outlines distinct methodologies for the syn
thesis of methanol using carbon dioxide and hydrogen [29]. 

Graaf equation -  

CO2 + H2 → CH3OH … … ….                                                        (1)  

CO2 + 3H2 → CH3OH + H2O … … ….                                           (2)  

CO2 + H2 → CO + H2O … … ….                                                    (3) 

Vanden et al. equation –  

CO2 + 3H2 → CH3OH + H2O … … ….                                           (4)  

CO2 + H2 → CO + H2O … … ….                                                    (5) 

Lim equation –  

CO + 2H2 → CH3OH … … ….                                                        (6)  

CO2 + H2 → CO + H2O … … ….                                                    (7)  

CO2 + 3H2 → CH3OH + H2O … … ….                                           (8)  

2CH3OH → CH3OCH3 + H2O … … ….                                           (9) 

Kinetic equations of Graaf reactions: 

R1 =

k1*KCO

[

fCOfH2
1.5

−
fCH3OH

fH2
0.5*K1

eq

]

(
1 + KCO*fCO + KCO2

)[
fH2

0.5
+ KH2O*fH2O

] (10)  

R2 =

k2*KCO

[

fCOfH2
1.5

−
fCH3OHfH2O

fH2
0.5*K2

eq

]

(
1 + KCO*fCO + KCO2 fCO2

)[
fH2

0.5
+ KH2O*fH2O

] (11)  

R3=

k3KCO2

[

fCO*fH2 − fCO*fH2O
K3

eq

]

(
1 + KCO*fCO + KCO2 *fCO2

)[
fH2

0.5
+ KH2O*fH2O

] (12) 
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Eqs (10)–(12) characterize the kinetics of the three interrelated 
Graaf reactions required for methanol synthesis. 

2.3. Photoreduction mechanism 

CO2 photoreduction comprises complex steps. When considering 
semiconductor photocatalysts, the semiconductor needs activation 
through light energy equal to or exceeding its bandgap (Eg), such as light 
energy ≥3.2 eV for anatase TiO2. This excitation of the bandgap gen
erates electrons in the conduction band (CB) and holes in the valence 
band (VB), serving as sites for photoreduction and photooxidation. 
Additionally, the catalyst must possess electrons with energy surpassing 
the CO2 reduction potential [29]. Ali et al. wrote a review on gas-phase 
photocatalytic CO2 reduction and studied parameters that influence the 
actual yield of the photocatalytic CO2 reduction reactions and outlined 
the standard testing practices for comparison and evaluation of perfor
mance. Moreover, they have calculated the Apparent Quantum Yield 
(AQY) of different research works, on the basis of data available, for 
comparing the efficiencies of the photocatalysts [30]. Elhenawy et al. in 
their review wrote about selective high gas (CO2) adsorption. The au
thor’s concluded for high CO2 absorption capacity, the temperature 
must be low since adsorption and temperature follow an exponential 
graph [31]. 

2.4. Review of simulation carried in PHOTOCATALYTIC reactor 

The complexity resulting from photochemical reactions and radia
tion transport poses a challenge. Nonetheless, employing photoreactor 
models is essential for simplifying experiments and conducting thorough 
result analyses. Herazo et al. formed an open-access application devel
oped in the graphical user interface of MATLAB named PHOTOREAC. 
The application was modelled to study solar photoreactor configurations 
and kinetic studies related to solar degradation of water contaminants. 
They performed solar photodegradation of Dichloroacetic Acid (DCA) 
and methylene blue in CPCP and OMTP reactors using TiO2 P25 Evonik 
as photocatalyst with a radiation field study of a Flat Plate Photoreactor 
(FPP). Because of the fitted reflectors, the author concluded that the 
CPCP can absorb more solar radiation per length than the OMTP reactors 
with less volume [32]. 

Pareek et al. conducted experiment on photodegradation of spent 
bayer liquor in an 18-L pilot-scale photoreactor with a UV lamp source of 
range (250–400 nm). The Eulerian multiphase model was simulated in 
FLUENT 6.0 (CFD) which also simulated RTE (Radiation Transport 
Equation) [33,34]. Grzywacz et al. presents a model of a flat plate 
photocatalytic reactor under solar radiation. Convection and diffusive 
mass flux balances in two zones were used to build the model: a thin 
liquid layer and pores in a porous catalyst layer. The flux of light in
tensity was described by Kubelka–Munk theory. Light penetrating an 
endless plate on both sides, according to the Kubelka–Munk theory, 
changes due to light absorption or scattering on penetrated media [35]. 
Janczarek et al. presented a review of computer simulations of photo
catalytic reactors discussing different model methods helpful for scaling 
photocatalytic reactors like the Monte Carlo method, approximation 
approach–P1 model, and CFD (Computational Fluid Dynamics) as a 
simulation tool [36]. Marečic et al. work dealt with the photocatalytic 
oxidation of toluene at room temperature and atmospheric pressure in 
the gas phase. The reaction was performed in an annular reactor using a 
UVA black light blue fluorescent lamp. The behaviour of a photo
catalytic annular reactor with titanium dioxide as the oxidation catalyst 
was simulated using various mathematical models, including 1D and 2D 
heterogeneous models based on ideal flow and laminar flow conditions. 
With 2D heterogeneous models, better estimation results are obtained 

when the root mean square deviation is used as a correlation criterion 
[37]. Ye et al. has explained 3D & 2D enthalpy-porosity by simulating 
pure solid-gallium [38]. Author explores the relationship between the 
mushy zone constant (Am) and the driving temperature difference (ΔT) 
during the melting of calcium chloride hexahydrate [39]. False diffusion 
mechanisms, asymmetrical interface phenomena, and equilibrium state 
results of pure gallium melting in the perfectly symmetric 
rectangular-enclosure are successively explored and comprehensively 
discussed by the author [40]. The revised definition and proven 
computational method of the interface error between numerical and 
experimental results are presented in detail, thereafter, the 2D verifi
cation and 2D validation of enthalpy-porosity modelling of melting 
process of gallium in a rectangular enclosure heated from a vertical wall 
[41]. 

Moreno et al. researched to improve the numerical simulation of 
the radiation field in three different types of photoreactors i.e.an 
annular reactor lit up by a mercury UV-A lamp radiating isotropic 
emission, a tubular reactor with a compound parabolic solar collector 
radiating parallel emission and a tubular reactor radiating cone-shaped 
and power-cosine emissions. The simulations were compared between 
ANSYS Fluent and Open FOAM software. The results were validated 
and hence was concluded that CFD is a very powerful and reliable tool 
for the simulation of photoactivated processes [42]. Topare et al. 
conducted a thermal analysis of a photocatalytic reactor made of glass 
was carried out in SolidWorks software. Reactor operating conditions 
ranged from 25◦C to 80◦C and 1 atm. pressure. The photocatalytic 
reactor concentrated on the degradation of organic pollutants in water 
[43]. Wang et al. studied the influence of multiphase flow on the ra
diation dispersion in a slurry reactor in a quantitative manner. In the 
photocatalytic slurry reactor water, air, and catalyst particles exist 
together making it a multiphase reactor. They studied the radiation 
effects in a multiphase slurry reactor and discovered that 
non-uniformity of flow [44]. 

Gai et al. gives a detailed description of Near-Zero Carbon Emission 
(NZCE) powerplant. The author talks in-depth about the mitigation of 
CO2 using various techniques such as electrolysis cells, F-T reactor, and 
electrocatalytic reactor conversion of CO2 and H2O to liquid fuel. The 
author makes use of ASPEN software for carrying out simulation studies. 
The author presents a comprehensive study of different routes for car
rying out liquid fuel generation using CO2 along with flowsheets. The 
different routes that the author takes are the synthesis of methanol using 
CO + H2, and methanol synthesis using CO2+H2 and CO2+H2O. The 
author compares the results obtained by these three methods and con
ducted an economic analysis of the NZCE powerplant [45]. Ghasemian 
et al. studied the solubility of CO2 in water at 278.15K–348.15K and 
0.1–1 MPa. The author compares the experimental data with those ob
tained from different equations of state such as van der Waals, RK, SRK, 
and PR. The author also models the solubility of carbon dioxide in water 
using Artificial neural networks and optimizes using the Genetic Algo
rithm method. The author discusses the results obtained from these 
methods [46]. Salvi et al. talks about various carbon separation and 
carbon capture techniques including absorption into liquid, gas phase 
separation, and adsorption on solid and hybrid processes such as 
adsorption-membrane systems. Furthermore, the regulations for CCS, 
economic research, and strategy concerns have also been discussed [47]. 
López et al. give a review of the recent advances in the development of 
heterogeneous catalysts and the process for direct hydrogenation of CO2 
to methanol. The author focuses on the improvement of conventional 
Cu/ZnO-based catalysts and the development of a new catalytic system 
targeting the specific needs for CO2 to methanol reactions. The author 
also summarizes future research and development perspectives on 
effective heterogeneous catalysts for methanol synthesis from CO2 [48]. 
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Scientists use photoreactor models to unravel the complexities of 
photochemical reactions. Researchers have explored solar photo
reactors, employing simulations with tools such as FLUENT and Solid
Works for enhanced understanding. Advancements in heterogeneous 
catalysts for converting CO2 to methanol and investigations into carbon 
separation techniques contribute to the progress of sustainable energy 
and environmental studies. After completing a literature review on the 
topics of methanol reaction mechanism and simulation; photocatalytic 
reaction mechanism and its simulations many conclusions can be 
reached. Authors have used different catalysts like Cu/ZnO and MOFs. 
The results have been validated by different software like design-expert 
etc. There has been research on radiation and hydrodynamic studies of 
different reactors like annular, batch, continuous flow reactors, etc. with 
simulation studies in CFD, COMSOL, etc [49]. 

3. Methodology for conducting simulation 

The method for conducting reactor kinetic and radiation effects 
simulations is described in detail. For simulations, we use different 
software segregated according to their usage, complexities, special 
solver features, etc. All flowsheet simulations: ASPEN, DWSIM, work 
under underlying relationships mass balance, equilibrium relationships, 
compositions, enthalpy balance, and rate correlations. These predict 
output flow rate, compositions, feasibility of process under specific 
operating conditions, equipment sizing, etc. Aspen Plus, DWSIM, etc. are 
used as a process flowsheet simulator in major chemical industries. They 
are used in real-world applications from interpreting laboratory-scale 
data to full-scale plants. Table 1 illustrates the advantages and limita
tions of different softwares. 

3.1. Reactor model studies 

3.1.1. ASPEN plus 
Aspen Plus is the oldest method used by chemical engineers for 

developing flowsheets. Aspen Plus, initially designed as a sequential 
modular simulator, has evolved to include advanced features. It can now 
integrate with specialized software for tasks like detailed heat exchanger 
design, dynamic simulation, batch process modelling, cost estimation, 
and more. Additionally, Aspen Plus provides users with the option to 
apply an equation-based approach to its functions [50]. Aspen Plus is 
used to perform mainly 6-unit operations namely Mixers/Splitters, 
Separators, Exchangers, Columns, Reactors, and Pressure Changers used 
for specific purposes in chemical Industries. In this work, we study the 
methanol conversion in different reactors which can be solved by 
in-built reactor models namely RSTOIC, RYIELD, REQUIL, RGIBBS, 
RPLUG, RCSTR, and RBATCH. RSTOIC is used in cases where only 
stoichiometry is known not the reaction mechanism. When both the 
reaction kinetics and stoichiometry are unknown RYIELD is used for 
single-phase chemical equilibrium or simultaneous-phase equilibrium 
calculations. RBATCH, RPLUG, and RCSTR come under rigorous models 

since they incorporate built-in power law, Langmuir-Hinshel 
wood-Hougen-Watson (LHHW) kinetics, or other kinetics specified by 
the user. In this work, a batch reactor has been chosen which can be 
replicated in lab-scale methanol generation. An isothermal batch reactor 
with inlet feed temperature, and pressure as 40 degrees C and 1 atm 
respectively with reactor temperature, and pressure specified as 543k 
and 10 MPa resp. 

3.1.1.1. Theory. The processing of methanol is an overall exothermic 
process that employs a strong catalyst [48]. The rate is in general 
described by a power law or Langmuir-Hinshelwood reactions. 

R =
(kinetic factor)(driving force expression)

(adsorption term)
(13) 

This is the LHHW kinetic expression used in ASPEN PLUS. The LHHW 
kinetic model is made up of a kinetic factor (in the simplest cases, equal 
to the kinetic constant, but more generally dependent on it), a driving 
force expression (depending on the reactants available in the reaction 
medium), and an adsorption term, which weights the reactants truly 
available on the catalyst surface, which may be much lower than those 
present in the gas/liquid phase [51]. The equations of Vanden are used 
in this work: Eq (14) gives the rate of the first reaction to produce 
methanol from carbon dioxide, while Eq (15) gives the rate of the 
water-shift reaction. 

R1 = (k4PCO2PH2)

[

1 − 1
KE1 (PCH3OH*PH2O)

]

[1 + k3
(

PH2o
PH2

)

+ k1
̅̅̅̅̅̅̅̅̅
PH2

√
+ k2PH2O ]̂3

(14)  

R2 = (k5PCO2)

[

1 − 1
KE2

(
PCO*PH2O
PCO2*PH2

)]

[1 + K3
(

PH2O
PH2

)

+ K1
̅̅̅̅̅̅̅̅̅
PH2

√
+ K3PH2O]

(15) 

All the kinetic coefficients of the equations that are stated in further 
equations for use in the Aspen–Plus form were explained [52]. These are 
mentioned in Eq 16 and Eq 17. 

RCH3OH(kmol/kg.s)

=

(

1.07*10− 13*e

(

4413.76
T

)

*PCO2 *PH2 − 4.182*107*e

(

− 2645.966
T

)

*PCH3 OH *PH2 O

PH2
2

)

(

1 + 3453.38*
(

PH2O
PH2

)

+ 1.578*10− 3*PH2
0.5 + 6.62*10− 16*e14928.915

T *PH2O )̂3

⎞

⎟
⎟
⎠

(16)  

RCO(kmol/kgcat.s)

122*e
−

(

11398.244
T

)
(

PCO2 − 0.009354*e4773.259
T *PCO*PH 2O

PH2

)

(

1 + 3453.38*PH2O
PH2

+ 1.578*10− 3*e2068.44
T *PH2

5 + 6.62*10− 16*e14928.915
T *PH2O

⎞

⎟
⎟
⎠

(17) 

The available number of reactants in the fluid phase, each with its 
reaction order, is represented by the ‘driving force’ component, which 
considers forward and potential reverse reactions (the latter with a 
negative sign). It takes the following form where K1 and K2 are equi
librium constants, and K1 is often set to 1. The driving force is repre
sented in Eq (18). 

Driving Force = k1ΠCα
i − k2ΠCβ

i (18)  

Adsorption =
{
1 + kw[W] + kx[X] + ky[Y] + k2[Z]

}
n̂ (19)  
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In LHHW reactions, the “Adsorption Expression" is determined by the 
presumed adsorption process. Expressions are found in Ref. [53]. 

Since methanol is formed at a pressure greater than 10 bar, it is 
recommended that we use an equation of state, such as “SR-POLAR," 
“SRK," or “PSRK," in the Property Method Selection Assistant. SRK 
method was chosen as an equation of state. 

ln
(
kf
)
=A+B

/
T+Cln(T) + DT (20)    

• “Term 1” is mentioned for forward reaction as 

A+(B /T) = ln(1.07×10 − 13× e(4413.76 /T))

A= − 29.866; B = 4413.76    

• “Term 2” is mentioned for backward reaction as 

A+(B /T)= ln(4.182×107× e(− 2645.966 /T)

A=17.5489; B = − 2645.97 

Values given in Eq (16). 
Similarly, the Next reaction is mentioned by following the same steps 

mentioned above. Here, the reaction goes CO2 + H2→ H2O + CO. 

3.1.1.2. Procedure. 

3.1.1.3. Process description-. The process was simulated in Aspen 
HYSYS software [50].  

• Feed inlets containing flue gases like H2, N2, CO, CO2, CH4, and H2O 
were considered to have compositions of 0.6760, 0.0032, 0.0380, 
0.2569, 0.0234, 0.0025, etc. The inlet feed (stream 1) was given at a 
temperature and pressure of 50 ◦C and 51.2 bar, respectively.  

• The inlet feed was further compressed and thus compressed feed 2 
attained a temperature and pressure of 95.65 ◦C and 75 bar, 
respectively.  

• The compressed feed was cooled to 60 ◦C (stream 3) which was 
further compressed (stream 4) and thus the stream temperature and 
pressure rose to 107 ◦C and 110 bar. The feed is added to a mixer, 
mixed with a recycle stream from recycle unit 2 (5), and sent to 
another mixture unit further mixed with a stream coming from 
recycle unit 1.  

• The outlet (stream 6) from the mixture is added to a 1,2-pass counter- 
current heat exchanger where the stream gets heated to 145 ◦C from 
a stream coming from the reactor thus integrating heat in the process 
of forming a high amount of methanol. Two streams coming from the 
shell and tube side of the heat exchanger are sent to coolers and 
heaters, respectively.  

• The tube side stream is heated from 145 ◦C to 150 ◦C (stream 8) to 
attain the reactor conditions for the specified reactions to take place. 
Reactions taking place are: 

CO + 2H2 → CH3OH (21)  

CO2 + 3H2→CH3OH + H2O (22) 
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• The shell side stream goes to a cooler and gets cooled from 175 ◦C to 
38 ◦C (stream 12).  

• The cooled stream goes to the separator (V-100) where it gets 
separated into vapor and liquid phases. The vapor stream (stream 13) 
is split and sent to the compressor (K-102), after being compressed it 
is further mixed with the liquid stream (stream 25), which is sepa
rated in a separator (V-101) (stream 23) and compressed (K-103) 
(stream 25) before going to the mixer.  

• The mixed stream (stream 18) is again recycled (stream19) which is 
added back to the mixture unit (MIX-101).  

• The liquid stream from the separator (V-101) (stream 24) goes to the 
distillation column (T-100) 

3.1.2. MATLAB 
MATLAB proves valuable in simulating photoreactors, offering re

searchers an accessible and adaptable means to model and comprehend 
intricate processes, particularly in photoreactors, where accurate 
simulation of light-driven chemical reactions is essential. Executing 
methanol synthesis simulations in MATLAB requires developing a 
computational model that accurately depicts the chemical reactions and 
processes intrinsic to the synthesis. In the selection of a solver for the 
system’s differential equations, one can opt for a suitable option like 
MATLAB’s ODE solvers, such as ode45, renowned for their proficiency 
in handling ordinary differential equations. Application of numerical 
methods is done to effectively address and resolve the system of equa
tions. The Ordinary Differential Equation (ODE) solvers in MATLAB 
solve initial value problems with a variety of properties. The solvers can 
work on stiff or non-stiff problems, problems with a mass matrix, Dif
ferential Algebraic Equations (DAEs), or fully implicit problems. The 
MATLAB and Simulink functions: ode23 and ode45 are the primary 
methods for solving non-stiff ordinary differential equations. The 
Runge-Kutta method ode23 is a three-stage, third-order Runge-Kutta 
method. The Runge-Kutta method ode45 is a six-stage, fifth-order 
Runge-Kutta method. While ode45 performs more work per step than 
ode23, it can take far larger steps. Ode45 is also more accurate than 
ode23 for differential equations with smooth solutions. 

3.1.3. DWSIM 
DWSIM, developed by Daniel Medeiros, is a no-cost chemical process 

simulation tool for understanding chemical processes. It is freely 
accessible as an open-source platform, allowing users to explore the 

behavior of chemical systems without any charges [54]. DWSIM, 
recognized as a free alternative, is suggested for its potential to perform 
at a level comparable to commercial software. It has been employed in 
various applications, including analyzing and simulating biodiesel pro
duction, conducting techno-economic studies on biorefineries, and 
investigating energy generation possibilities from solid biomass [55]. It 
allows one to conduct experiments and analyze data using advanced 
models and operations. It is used to evaluate material conversion effi
ciency and determine optimal energy needs in processes with light ele
ments C and H, vital for creating low or zero-emission fuels from 
hydrocarbons. Its flexibility allows focused analyses on components like 
reactors or entire facilities, exploring various scenarios for economic 
assessments while maintaining originality [56]. It has built-in thermo
dynamic models and unit operations as well as a large range of tools for 
managing reactions or creating components. Some popular property 
packages are also available, such as Peng-Robinson, NRTL, UNIQUAC, 
Raoult’s Law, Lee-Kesler, etc. Utilization of visualization tools in DWSIM 
is done to create graphical representations, including plots and charts, 
that depict changes in concentration, temperature profiles, and other 
relevant data. 

3.1.3.1. Process description. Feed inlets and reactor configurations were 
taken from Froment et al. [15]. 

Feed conditions were as follows: 
Catalyst Density (kg/m3s) = 1775; 
Porosity = 0.5; 
Mass (g) = 34.8; 
Pellet diameter(m) = 0.0005;  

Reactor: Diameter(m) = 0.016; Length(m) = 0.15;                                

Operating conditions: T(K) = 493.2,P(bar) = 50,m(10^(− 5)kg/s) =
2.8; Feed composition- CO (mol%):4.00, H2 (mol%):82.00, CO2 (mol 
%):3.00, Inert (mol%):11. 

3.1.4. Design expert 
Design-Expert serves as a statistical software, differing from process 

simulation tools like DWSIM. Its utility lies in designing experiments 
(DOE) and performing statistical analyses to improve the optimization of 
methanol synthesis processes. Comparative tests, screening, character
ization, optimization, robust parameter design, mixture designs, and 
mixed designs are all available via Design–Expert. Design expert offers 

Table 1 
The advantages and limitations of different simulation methodologies.   

ADVANTAGES LIMITATIONS 

ASPEN HYSYS 1. Its flexibility, accuracy, and strength help create more realistic models and can be 
used in different areas, including gas production [65]. 
2. It is a commercially established software widely utilized in the process industry for 
its capabilities in simulating both steady-state and dynamic processes. 
3. Simplifying the process by removing obstacles and reducing the intricacies in the 
process network. Enhances control and operability of the plant [65]. 

1. A major limitation discovered was the incapability of transferring 
vectors from HYSYS back to Unity. 
2. Aspen HYSYS does not include membranes as part of its standard 
set of process functions [66]. 

PHOTOREAC 1. The PHOTOREAC software was utilized to assess photon absorption (OVRPA) in 
the photocatalytic process and to simulate photocatalytic reactions using the 
available kinetic model database [67] 
2. It offers four kinetic models that can best fit the reaction kinetics data, namely 
Langmuir-Hinshelwood, Zalazar, Ballari, and Mueses’s kinetic models [67] 

The PHOTOREAC software relies on a set of assumptions to address 
the differential equations and extract the kinetic parameters. These 
assumptions involve:  
• The absence of limitations in mass transfer.  
• Treating convection and diffusion as a centralized system.  
• Assuming differential conversion per pass [65]. 

DWSIM 1. It is an open-source application, is freely available, and provides capabilities for 
both steady-state and dynamic simulations. 
2. DWSIM, being an open-source application, is freely available and provides 
capabilities for both steady-state and dynamic simulations. 
3. It features an interface that is easy to use. As an example, Jonach et al. utilized 
DWSIM to model and simulate 3-phase separators within the oil and gas industry [67, 
68]. 

1. Less widely adopted in the industry compared to commercial tools. 
2. The execution process of the simulation is time-consuming. 

COMSOL 
MULTIPHYSICS 

1. It is applicable in diverse fields such as heat exchangers, cutting tools, solar and 
energy systems, and optical and manufacturing processes [69]. 
2. It is unique due to its ability to handle complex shapes and various physical 
phenomena. 

1. Certain simulations might require a substantial number of 
computational resources. 
2. The software is expensive, especially for students and individual 
researchers, with a base license costing $4000.  
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test matrices for screening up to 50 factors. Analysis of variance is used 
to assess the statistical significance of these variables (ANOVA). 
Graphical tools aid in determining the effect of each factor on the 
desired outcomes and revealing hidden information. By varying the 
values of all factors in parallel, the program calculates the key effects of 
each factor as well as the interactions between them. With a small 
number of experiments, a Response Surface Model (RSM) can be used to 
map out a design space. By varying the values of all factors, RSM pro
vides an approximation for the importance of responses for any possible 
combination of the factors. A study was conducted improve methanol 
production from a methanol reactor by employing Design of Experi
ments (DOE) with Design Expert, while utilizing Aspen Plus as a reactor 
simulator. The optimization process encompasses eight parameters, 
including five inlet molar flowrates (CO, CO2, H2O, H2, CH3OH) and 
three reactor conditions (inlet temperature, pressure, and temperature 
profile). In Design Expert, the optimization of methanol production 
utilized the Box-Behnken method along with a quadratic model [57]. 

3.2. PHOTOCATALYTIC reactor studies 

Heterogeneous photocatalysis is a photochemical reaction in which a 
light-absorbing catalyst, referred to as a photocatalyst, improves the rate 
of the reaction by providing a more energy-efficient reaction route. A 
photocatalytic reaction begins when photons with ample energy-energy 
greater than the photocatalyst’s band gap are absorbed by the photo
catalyst and excite the electrons into the conduction band which leaves 
positive holes in the valence band of the photocatalyst [58]. The most 
used materials are doped TiO2, perovskites, MOFs, g-C3N4, etc. which 
show high efficiency in the optical medium due to characteristics like 
band gap, charge separation, and charge transfer. TiO2 is widely 
recognized as a versatile semiconductor for treating wastewater, thanks 
to its strong ability to use light for chemical reactions, stability in 
different environments, and corrosion resistance [59]. The rate of 
photoreaction depends on the number of photons absorbed by the 
photocatalyst. In a photoreactor, intensity decays due to absorption a 
scattering phenomenon of the photocatalysts located at different places 
in the reactor, also depending on reactor volume and geometry. The 
creation of mathematical models such as the radiation 
absorption-scattering model, the radiation emission model, the kinetic 
model, and the fluid-dynamic model are all needed for this process. 
These are complex numerical systems consisting of differential equa
tions. Static collectors with an involute reflective surface encircling a 
cylindrical reactor tube are known as CPCs. They’ve been discovered to 
have the best optics for systems with low solar radiation concentrations, 
and they can be equipped with a focusing ratio close to one to absorb 
both direct and diffuse UV sunlight. Almost all of the UV radiation that 
reaches the CPC aperture can be reflected. The tubular reactor combined 
with a Compound Parabolic Collector (CPC) has been proposed to be a 
potential choice for large-scale photocatalytic hydrogen production. The 
efficiency of these collectors lies between 50% and 70 % [60]. Designing 
a photocatalytic reactor for environmental applications in heteroge
neous photocatalysis is challenging due to the distinct phases of the 
three involved components: pollutants in fluid, catalyst in a solid state, 
and light photons as massless particles. The heterogeneous nature of 
photocatalysis adds complexity to reactor design, requiring interdisci
plinary expertise spanning chemical, mechanical, and environmental 
engineering concepts [61]. 

3.2.1. Radiative models 
Radiative models are the crucial and most important part of photo

catalytic study which help in calculating the rate of photon absorption 
and thus deciding the kinetic of photoreaction. LVREA is evaluated by 

solving the Radiation Rransfer Equation (RTE) given Eq (23). 

dIλ (x,Ω)
/

dx= − βλ Iλ (x,Ω) + σλ
/

2
∫

4π

Iλ (x,Ω)p(Ω → Ω’) dΩ (23) 

The key modelling approach uses the Discrete Ordination Method 
(DOM) suggested by Duderstadt and Martin to solve the RTE rigorously. 
In heterogeneous photocatalytic systems, the RTE solved by the DOM 
method allows for an accurate prediction of the radiation fields. Based 
on the solution of Mie’s theoretical equation, this method has been 
validated with simulation results [62]. There are specific limitations of 
this method hindering them at the solar scale. Under a variable solar 
flux, the computational demand of the RTE-DOM becomes quite 
prohibitive. 

SFM (Six-flux model): The model has many assumptions as follows.  

i. Large-spaced particles.  
ii. Particles are distributed uniformly across the space considered.  

iii. The fluid is transparent to UV irradiation.  
iv. The heterogeneous system emits no light.  
v. Only scattering or absorption occurs When a photon strikes a 

particle.  
vi. The scattering can only occur along six directions of the Cartesian 

coordinates as shown. 

A new simple model was devised, where photons are supposed to be 
scattered in any of the six principal directions concerning the incoming 
radiation as shown in Fig. 1. Six different photon fluxes must be 
considered in this case, hence the name Six-Flux Model (SFM) [63]. 

DOM (Discrete Ordinate Method): 
Analyzing radiative heat transfer is complex and costly. Recent ef

forts aim to enhance approximate methods. Method efficiency depends 
on the quadrature schemes for computing source terms and heat flux. 
The Discrete Ordinate Method (DOM) is one of the earliest and most 
widely used, with proposed schemes to improve its computational ap
peal over time [64]. The incident radiation in the DOM is measured by 
integrating the radiant intensity along spherical space directions. The 
method begins by discretizing spatial directions (quadrature) and then 
solving the Radiative Transfer Equation (RTE) in each of them. The ef
fect of light absorption and dispersion is included in the RTE. The 
incident radiation on a given point within the reaction space was eval
uated using FFM in this project. The total radiation flux is calculated in 
this model as the number of photon fluxes travelling from the light 
source to that point and photon fluxes from scattering in both axial and 

Fig. 1. The six principal directions of photon scattering in the six-flux model 
(SFM) and the scattering probabilities [5]. 

R. M.S. et al.                                                                                                                                                                                                                                     



Results in Engineering 23 (2024) 102306

9

radial directions. The incident radiation flux (gf), the backscattering flux 
(GB), and the fluxes entering the differential portion from the bottom 
and upper walls ((ga) and (gc)) are the four fluxes that this model ac
counts for as shown in Fig. 2. Back-scattering probabilities in the cor
responding directions are expressed by the parameters pf, pb, pa, and pc. 

The LVREA using the four-flux model is given in Eq (24): 

LVREA= gtotal kλ
/

V *
(
Rlamp δ

/
4r2) (24) 

PHOTOCATALYTIC KINETICS is given in Eq (25): 

r= k1f(C)g(Ea) (25)  

where f(C) part describes the rate dependency on concentration and g 
(Ea) indicates the rate of photon absorption. 

3.2.2. COMSOL Multiphysics software 
There are various CFD simulation frameworks available. Some of 

them are commercial, such as ANSYS Fluent and COMSOL Multiphysics, 
and others are open-source CFD software, e.g., Open-FOAM and FEAT
FLOW. To make the modelling process easier, the following assumptions 
were made.  

1. The reaction takes place at a steady temperature of 35 ◦C.  
2. The photocatalyst particles, bubbles, and water are homogeneous, 

and light radiates evenly through the photocatalyst surfaces.  
3. Turbulent flow dominates at all reaction sites.  
4. The photocatalytic reaction takes place only at the surfactant stage. 

Modules used by COMSOL Multiphysics are the Heat transfer mod
ule, Euler–Euler, Turbulent model k-ℇ and Transport of Diluted Species. 

3.2.2.1. Procedure   

IRintz= S1 / 4πRint * [a tan((2z – LR+ Llamp) / 2Rint)
− a tan((2z – LR − Llamp) / 2Rint)

(26)  

where S1 = 2π*radius lamp* Iw. 

3.2.3. PHOTOREAC 
PHOTOSTREAM is a user-friendly MATLAB tool for evaluating solar 

photoreactor performance. It includes various reactor setups, reaction 
models, and radiation absorption-scattering approaches. The tool has a 
dataset of 26 experiments on solar degradation, covering different 
conditions like pollutant types and initial levels. Users can easily add 
their experimental data [26]. It is based on the results of study groups at 
Cartagena University (Cartagena de Indias, Colombia) and Universidad 
del Valle (Valle del Valle, Colombia) (Cali, Colombia) in the last 20 years 
of extensive research on solar photocatalysis. Users will be able to 
investigate the impact of critical device parameters on the photo
reactor’s radiation absorption efficiency and the overall kinetic activity 
of the photocatalytic mechanism by using PHOTOREAC. It provides an 
interface that users can readily use. Users will be able to investigate the 
impact of critical device parameters on the photoreactor’s radiation 
absorption efficiency and the overall kinetic activity of the photo
catalytic mechanism by using PHOTOREAC. Herazo et al. performed the 
simulations with the PHOTOREAC environment, which includes three 
configurations of pilot-scale solar photoreactors: a flat plate photo
reactor (FPP), a compound Parabolic Collector Photoreactor (CPCP), 
and the Offset Multi-Tubular Photoreactor (OMTP). For the TTP, a novel 
prototype is also included, the OMTP. The photoreactor is exposed to the 
sunlight, facing the sun, while the reservoir tank is in the dark. The 
photon absorption-scattering model provides the LVRPA spatial distri
bution inside the photoreactor called as local volumetric rate of photon 
adsorption. The six-flux absorption-scattering model is the subject of the 
PHOTOREAC modelling. SFM is an empirical equation based on the 
hypothesis that scattering exists only in the six Cartesian directions. 

R. M.S. et al.                                                                                                                                                                                                                                     



Results in Engineering 23 (2024) 102306

10

Despite being a simplified model, it retains core aspects of photoreactor 
radiation field modeling and has been successfully implemented at the 
solar pilot scale. The short computation times of the SFM are suitable for 
investigating the effects of operational parameters such as photocatalyst 
concentration, photoreactor measurements, and incident radiation. 
Table 2 shows the comparison between DOM and SFM. 

Eq (27) gives the central equation of SFM: 

LVRPA= I0
/

λωcorr ωcorr(1 − r) *
[(

ωcorr − 1+
(
1 − ω2

corr
)− 2

)
e− rp/λωcorr

+ γ
(

ωcorr – 1 −
(
1 − ω2

corr
)− 2

)
e− rp/λωcorr

]

(27) 

Eg(27) For the CPCP and OMTP, however, a ray-tracing technique 
must be used following, since, in addition to incident radiation, the di
rection in which solar rays impact the photoreactor is critical. 

The main screen of the PHOTOREAC GUI interface works as (1) The 
photoreactor panel, where the photoreactor configuration like CPCP, 
OMTP, and FPP was chosen. 

(2) The system properties panel, where the input data for the simu
lation were introduced.  

(3) The SFM model panel, where the SFM version for the simulation 
was selected.  

(4) The SFM scattering phase function probabilities, according to the 
SFM variant that was selected.  

(5) In the cross-section of the CPCP tunnel, the resulting LVRPA 
spatial distribution is plotted and the value is displayed.  

(6) It is observed that the LVRPA is concentrated near the CPCP wall, 
and the centre of the tube shows shallow LVRPA values at a 
photocatalyst concentration of 0.2 g/L. Further, with the increase 
in catalyst, it shows higher LVREA values. 

4. Results and discussions 

4.1. Simulation 

Sensitivity analysis helps to determine the optimum temperature 
and pressure at which there will be maximum output of the product. 
The results for methanol sensitivity analysis is shown in Fig. 3B. It is 
found that methanol selectivity in batch reactor occurs at T = 325 ◦C 
and P = 450 bar in Temp. and Pressure range of 200–400◦C and 
250–450 bar as compared to PFR in which it occurs at T = 250∘C and P 
= 150 bar. The batch reactor shows a selectivity of methanol at around 
1.78 which is lesser than the result given by PFR. PFR shows the 
selectivity of methanol as 6.56 mentioned in Aspen-Plus by Kamal I.M. 
Al-Malah [50]. 

4.1.1. ASPEN HYSYS 

4.1.1.1. ASPEN results. Here, there are in total 4 outlet streams as 
shown in Fig. 3A. 

Inlet conditions and Outlet stream conditions are mentioned in 
Table 3 and Table 4 respectively. 

4.1.1.2. Analysis. As per the simulations conducted, we observed after 
looking at the ratios of CO2/H2, CO/H2, and CO2/CO that the ratio of 
CO2/H2 is less than 1 which shows that H2 is in excess in the reaction 
than CO2. CO2 acts as a limiting reagent. With the increase of the ratio, 
the methanol formation is decreased which shows that CO2 is a stable 
molecule and is strongly bonded thus, decreasing the methanol forma
tion. From the ratio of CO/H2, we can see as we increase the ratio the 
methanol formation increases since CO is unstable and thus the bonds 
can be broken easily. So, high methanol formation depends on CO than 
H2 but in both the reactions of CO2 and CO hydrogenation H2 is taken in 
excess. In the CO2/CO ratio, we see the same trend as in CO2/H2 which 
says that CO2 as compared to CO forms less amount of methanol 

Fig. 4A, 4B and 4C: Rate of methanol formation for different ratios of 
CO2 and H2 

4.1.2. PHOTOREAC 

4.1.2.1. PHOTOREAC results. The photoreactors shown in the Fig. 5A, 
5B and 5C consists of ten borosilicate tubes with radius R = 1 m and 
length L = 1 m providing a reaction volume of VR = 10 L. Model catalyst 
(TiO2 P25 Evonik) concentration as 0.2 g/L. These results imply that 
CPC shows more VRPA(Volumetric Rate of Photon Absorption) as 
compared to FPP and OMTP. This activity is well-known in the literature 
and also proved that at high photocatalyst concentrations, photons are 
unable to penetrate deeply into the tube, and absorbed energy is local
ized along the tube’s boundary wall [69].So, it is observed that the 
LVRPA is concentrated near the CPCP wall, and the centre of the tube 
shows shallow LVRPA values, with the increase in catalyst concentra
tion. The reason is that CPCPs are equipped with reflectors which in
crease photon absorption. The ray-tracing technique was used jointly 
with the SFM to determine the direction of both the direct and diffuse 
solar photon fluxes and the spatial profile of the Local VolumetricRate of 
Photon Absorption (LVRPA) in the CPC reactor. 

4.1.3. DWSIM 
Fig. 6A and 6B shows the PFR flowsheet, conversion results, and 

graph of methanol conversion concerning reactor length. Here, we 

Fig. 2. Directions of the fluxes of photons in the four-flux model [6].  

Table 2 
Comparison between DOM and SFM.  

DOM SFM 

Models such as DOM and MC require a 
high computational effort for solving 
RTE in real reactor geometries. 

SFM solves RTE in a simple algebraic 
way 

The computational time for the RTE 
model evaluated is approximately 10 
min which increases with finer mesh 
size. 

The computational time in SFM is almost 
instantaneous 

DOM provides the most accurate 
solution since the incident photos can 
also travel in the axial direction of the 
reactor 

In SFM, the light is scattered in 6 
cartesian directions leading to less 
accurate results as the scattering can 
occur in only six directions, this results 
in a high possibility for the particles 
close to the light source adsorbing the 
light onto the catalyst surface but not 
fully scattering the light. 

DOM can be applied to any geometry and 
has no restrictions as compared to 
SFM. 

SFM should be applied to geometries 
with lateral symmetry such as slabs, 
annular reactors, CPC, etc.  
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Fig. 3. A: Aspen Flow diagram, B: Aspen– Sensitivity result plot.  

Table 3 
Inlet stream conditions.  

Name 1 

Pressure [kPa] 5120 
Temperature [C] 50 
Mass Flow [kg/h] 128496 
Std Ideal Liq Vol Flow [m3/h] 371.489 
Vapor/Phase Fraction 1 
Molar Enthalpy [kJ/kgmole] − 53290.3 
Utility Type  
Stream Price  
Stream Price Basis Molar Flow 
Cost Rate [Cost/s]   

Table 4 
Outlet stream conditions.  

Name 10 15 25 26 

Pressure [kPa] 11000 11000 100 140 
Temperature [C] 307.725 38 15.1387 109.246 
Mass Flow [kg/h] 0 9187.49 105203 10639.4 
Std Ideal Liq Vol Flow 

[m3/h] 
0 31.7392 131.819 10.6642 

Vapor/Phase Fraction 0 1 0 0 
Molar Enthalpy [kJ/ 

kgmole] 
− 53347.6 − 49854.6 − 245090 − 279594 

Utility Type     
Stream Price     
Stream Price Basis Molar 

Flow 
Molar 
Flow 

Molar 
Flow 

Molar 
Flow 

Cost Rate [Cost/s]      
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observe that methanol gets formed in the middle of the reactor and re
mains constant with increasing temperature. 

4.1.4. Design expert 
Design Expert was used to fit the data simulated of a PFR reactor 

through DWSIM. squared value comes out to be 0.8756, as shown in 
Table 5 which implies a good fit of the data as shown in Fig. 7 and thus, 
the simulation of a PFR reactor is validated. Here the temperature was 
varied between 200 and 277 ◦C, pressure 30–50 bar, and catalyst weight 
1500–2000 kg/m3. 

This implies R2 implies that the overall mean may be a better pre
dictor of the response than the current model. Adeq Precision measures 

the signal-to-noise ratio. A ratio greater than 4 is desirable. The model 
gives a ratio of 11.2238 which indicates an adequate signal. 

By optimizing the data, we found temperature = 239.034◦C, pres
sure = 40.3878 bar, and catalyst concentration of 1845.86 kg/m3 as the 
optimum operating parameters of the process concentration of 1845.86 
kg/m3 as the optimum operating parameters of the process which can be 
observed in Fig. 8. 

4.1.5. COMSOL Multiphysics 
Fig. 9 and Fig. 10 show radiation transport modeling of an Annular 

reactor in COMSOL wherein it shows the effect of catalyst concentration. 
It shows catalyst concentrations of 0.2 kg/m3 and 0.4kg/m3, wherein 

Fig. 4. A: Methanol formation for different CO2/H2 ratios, B: Methanol formation for different CO/H2 ratios, C: Methanol formation for different CO2/CO ratios.  
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Fig. 5. A: Photoreactor with reactor plane, B: Photoreactor with CPC, C: Photoreactor with OMTP.  
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LVREA values vary from 200 to 134W/m3 and 395-285W/m3 respec
tively. With the increase of catalyst concentration, the LVREA values 
increase. The particles close to the light source adsorb the light onto the 
catalyst surface but do not fully scatter the light to other catalyst par
ticles. Therefore, the efficiency of the reactor becomes limited by the 
opacity, which reduces the number of particles being exposed to light 
penetration. 

5. Conclusion 

The escalating global energy demand, driven by rapid economic 
growth, has intensified the reliance on conventional fossil fuels, leading 
to elevated CO2 concentrations and contributing to global warming. To 
combat this, innovative solutions like carbon capture and recycling have 
been proposed, converting CO2 into versatile fuels like methanol using 
renewable H2 sources. Methanol’s versatility and industrial importance 
make it a compelling choice. Advanced mathematical tools, including 
MATLAB’s ode23 and ode45 solvers, play a vital role in modelling 
complex differential equations essential for understanding chemical 
processes. Simulation platforms like DWSIM provide a comprehensive 
environment for experimentation, integrating thermodynamic models 
and unit operations. Design–Expert’s role in optimization and robust 
parameter design is crucial for sustainable process development. 
Modelling techniques like the Discrete Ordinate Method deepen our 
understanding of radiative processes in photocatalysis. Despite chal
lenges, these advancements are crucial for achieving cleaner and more 

sustainable energy practices.  

1) Aspen HYSYS simulation was done for production of methanol to 
determine the feasibility on large scale at mass flowrate of 128496 
kg/h where flue gases like H2, N2, CO, CO2, CH4, and H2O were 
considered to have compositions of 0.6760, 0.0032, 0.0380, 0.2569, 
0.0234, 0.0025, respectively. The ratio of CO2/H2, CO2/CO, CO/H2 
was varied from 0.05 to 5 and methanol yield was calculated and was 
observed that lower the ratio of CO2/H2 and CO2/CO the higher is 

Fig. 6. A: DWSIM model, B: DWSIM simulation result.  

Table 5 
Fit statistics.  

Std. Dev. 0.2553 R2 0.8756 

Mean − 4.37 Adjusted R2 0.7636 
C.V. % 5.84 Predicted R2 − 0.0238   

Adeq Precision 11.2238  

Fig. 7. Conversion variations concerning temperature, pressure, and catalyst 
concentration as factor. 

R. M.S. et al.                                                                                                                                                                                                                                     



Results in Engineering 23 (2024) 102306

15

the yield of methanol and higher the ratio of CO/H2 the lower is the 
yield of methanol.  

2) PHOTOREAC simulation is done to observe the Volumetric Rate of 
Photon Absorption (VRPA) on various photoreactor like CPCP, FPP 
and OMTP. It was observed that CPCP has better photon adsorption 
on the walls of the reactor when compared to FPP and OMTP because 
of CPCP being equipped with reflectors to adsorb more photons.  

3) Simulation of methanol producing plug flow reactor was done to 
determine that at what length does methanol conversion is more and 
to know the optimum length of reactor to get maximum conversion 
and it was observed that at 0.08 m the maximum conversion is 
achieved and is constant from there. 

4) Design of experiments was used to determine the optimum temper
ature, pressure and catalyst concentration for plug flow reactor 
which was simulated in DWSIM software earlier. 

After optimizing the parameter in DOE software, it was observed that 

at temperature of 239.034oC, pressure of 40.3878 bar and catalyst 
concentration of 1845.86 kg/m3 maximum methanol conversion is 
achieved.  

5) COMSOL simulation was performed to investigate the effect of light 
radiation w.r.t. catalyst concentration on LVREA value in an annular 
reactor. It was observed that the increase of catalyst concentration, 
the LVREA values increase and particles close to the light source 
adsorb the light onto the catalyst surface but do not fully scatter the 
light to other catalyst particles. 

In the future prospect, the effect of intensity of light radiation on the 
catalyst behavior can be studied as well as the photocatalytic process can 
be further optimized to get more efficiency in methanol production. 

Fig. 8. The correlation between actual and predicted values.  

Fig. 9. DOM modelling of the annular reactor Ccat = 0.2kg/m3:  
Fig. 10. DOM Modelling of the annular reactor Ccat = 0.4kg/m3:  
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