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 2 

ABSTRACT 1 

Recently methanol gained increasing attention thanks to the variety of feedstocks suitable for its 2 

production and its low environmental impact granting to the molecule a key role in future 3 

economic roadmaps as in Olah’s development model. Nowadays, fossil sources are not the 4 

exclusive sources to produce syngas: biogas is a promising alternative leading to lies in less severe 5 

operating conditions and smaller plant scales. The most widespread kinetic models for methanol 6 

synthesis, namely Graaf and Vanden Bussche/Froment models, will be proven not to be fully 7 

adequate in characterizing these conditions. A robust refit is shown to outperform predictions from 8 

conventional models and follow recent trends in process operations. The refitted Graaf model is 9 

more flexible on the operating conditions and feed compositions, removing also some infeasible 10 

discontinuities present in conventional models. The final result is a more generalized and accurate 11 

Graaf’s model for methanol synthesis on CZA catalyst. 12 
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INTRODUCTION  1 

In 1905 Paul Sabatier and Jean-Baptiste Senderens were the first to synthesize and distillate under 2 

controlled conditions methanol on a copper catalyst. The research and interest in methanol 3 

synthesis intensively grew in few decades and the technological efforts led to the first industrial 4 

application in Leuna (Germany, 1923) licensed by BASF Company 1. After a century from its first 5 

industrial plant, methanol is not only the key compound for the so-called methanol economy 2–8, 6 

but also a very promising molecule due to some key properties: (1) it can be produced from 7 

different feedstocks, not only fossil fuels (i.e. natural gas, coal gasification or naphtha), but also 8 

from alternative sources such as biomass, biochar and biogas; (2) it can be produced starting from 9 

CO2, therefore, in principle, this is a possible chemical pathway to both reduce and capture 10 

emissions in the atmosphere and fix them into a new molecule 9; (3) methanol is a bulk chemical 11 

with many applications and its market is wide and well-established; (4) methanol is a small 12 

molecule with a very high hydrogen-carbon ratio and for this reason it can be seen as an hydrogen 13 

carrier 9; (5) it is a valuable synthesis intermediate to manufacture other chemicals such as dimethyl 14 

ether (DME) 10 and, finally, (6) methanol is a synthetic fuel suitable for internal combustion 15 

engines and it is already mixed with conventional fuels up to 20% v/v without modifications on 16 

the engine design 11. 17 

Due to its key role in modern industrial chemistry, studies and research activities are driving the 18 

global synthesis of methanol towards higher bulk productions, while the operating conditions are 19 

becoming milder and milder. According to Sheldon 1, the global production of methanol (Figure 20 

1Figure 1) increased by more than two orders of magnitude in half a century, from about 0.2 kt/d before 21 

1970 up to about 25 kt/d before 2020. Despite the typical oscillations of bulk productions, mainly 22 

dictated by political, economic, and market fluctuations as well as the current energy transition 23 

outlook, the production is expected to grow another order of magnitude in the following 20 years. 24 

On the other hand, the industrial operating conditions for methanol synthesis are seeing an opposite 25 

trend. Figure 2Figure 2 reports the variations of operative temperature and pressure typically adopted in 26 

industrial methanol plants during the last century. In 1923 in Leuna plant, the operating 27 

temperature was in the range of 300-400 °C, whereas the pressure was in the range of 250-300 28 

atm. The current MegaMethanol technology by AirLiquide, for instance, operates at 250-260 °C 29 
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and 50-60 atm 12. The detail of pressure conditions is shown in Figure 3Figure 3, where the semi-1 

logarithmic representation emphasizes the technical and scientific progresses of the last century in 2 

enabling milder synthesis conditions. Roughly assuming that technological advances will progress 3 

at the same rate, it would be reasonable to expect that methanol will be synthesized at around 20-4 

30 atm by 2050. This is not an unrealistic extrapolation when the number of filed patents per year 5 

in methanol synthesis is accounted; as shown in Figure 4Figure 4, with about 600 inventions per year in 6 

the last decade, against no more than 50 inventions per year before 1970, the process developments 7 

are more intensive now than ever. The dramatic reduction in the operating conditions (both 8 

temperature and pressure) occurred around 1959-1965 as depicted in Figure 3Figure 3 where it is possible 9 

to appreciate the pressure reduction below 100 atm. The catalyst formulation drove this 10 

outstanding improvement and disruptive technological achievement in the methanol production. 11 

The initial chromium-based catalyst used in Leuna plant (BASF technology) was improved 12 

initially by adding copper-oxide (patented by ICI in 1962). The methanol catalyst activity was 13 

furtherly improved removing the chromium amount leading to the final CZA catalyst 1. 14 

Experimental works performed in the same period confirmed the higher catalytic activity of 15 

copper-based catalyst rather than chromium and mied copper/chromium catalysts 13. The catalyst 16 

activity is still under investigation and recent publication demonstrate that there exist the potential 17 

for improving the catalyst formulation also in the perspective of CO2 hydrogenation to methanol 18 

14,15. Deepening the analysis of new technologies and apparatuses (Figure 5Figure 5), it is worth noting that 19 

most of the innovations in the last three decades deal with the feedstock. This is mainly due to the 20 

change of raw materials used in syngas production, firstly from fossil to renewable sources and, 21 

then, to CO2 for direct conversion. CO2 as feedstock for bulk chemical processes is one of the 22 

greatest challenges that engineers are facing not only to make it functional 9,16,17, but also to reduce 23 

the energetic intensity of its capture 18–21 employing the guidelines provided during the Horizon 24 

2020 program 22,23. 25 

Either way, nowadays methanol is still mainly produced starting from fossil sources 24,25. There 26 

are several chemical processes to convert fossil fuels into syngas and the rate of technological 27 

advances is speeding up also for this step (Figure 6Figure 6). Currently the most popular ones are Steam 28 

Methane Reforming (SMR) 26–28, AutoThermal Reforming (ATR) 25,29–31, Partial Oxidation (POX) 29 

25,32 and Coal Gasification (CG) 33. In past years, due to the large availability of coal mines, many 30 

institutions 34 devoted great efforts to making more appealing and environmentally sustainable CG 31 
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plants 5 mainly driven by the growth of the Chinese internal methanol market 35,36. More recently, 1 

different strategies have been proposed to reduce the environmental impact of  CG plants  for 2 

methanol synthesis: the use of biomass from anaerobic digestion as an alternative feedstock 33,37–3 

40 or the application of more innovative technologies to obtain syngas while purifying streams 4 

from common coal pollutants such as carbon dioxide 19 and H2S (AG2S technology,  41–44).  5 

Although the largest amount of methanol is still produced starting from coal 45–47, the recent 6 

progress has been focusing on the incoming paradigm shift to atmospheric CO2 as feedstock for 7 

methanol synthesis like described in in Olah’s vision (Figure 7Figure 7). To support this transformation, 8 

the catalysis is constantly evolving. Figure 8Figure 8 shows the long tradition in patent filing in this field 9 

with the first iron-based and platinum-based catalysts dated as early as a century ago. Then, the 10 

Copper-Zinc-Alumina (CZA) catalysts appeared and subsequently the ruthenium-based catalysts 11 

up to the most recent Metal-Organic Framework (MOF) catalysts. Despite all the alternatives, 12 

CZA is not only the most used one in industrial synthesis catalyst but also the one with the largest 13 

perspectives as shown in Figure 8Figure 8. 14 

Methanol synthesis is therefore moving towards larger bulk productions, lower operating 15 

conditions, new feedstocks, and new catalysts. A key aspect that is not following suit with these 16 

technological trends is the kinetic modeling. 17 

The most common kinetic models in industrial practice are Graaf (GR) and Vanden Bussche – 18 

Froment (VBF). Their success lies in their simplicity and flexibility: 19 

 few reactions are accounted; 20 

 wide temperature and pressure ranges. 21 

These models are well-established in scientific and industrial communities, but they are affected 22 

by some well-known shortcomings: 23 

1. The original Graaf’s model is suitable only for low to mid operating pressures while at 24 

P>50 bar it tends to underestimate methanol production; 25 

2. VBF model is unable to manage a pure CO feed without steam (i.e. dry feedstock) and it 26 

properly works only at high pressure (P>50 bar). 27 

This work proposes a model with a structure analogous to Graaf’s, but with the kinetic parameters 28 

updated for higher prediction performance in the modern range of operating pressures. Some other 29 
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authors attempted a similar approach on both the GR and VBF models. Nestler and co-workers 48, 1 

for instance, removed dry-feed composition experimental data in their algorithm to avoid any 2 

numerical instability. 3 

After an extended introduction, the paper focuses on technological trends in methanol synthesis in 4 

Section 2, theoretical background on the main works produced on methanol kinetics is provided 5 

in Section 3. Section 4 lists the experimental data for methanol synthesis on CZA catalyst used for 6 

the refit procedure, including recently published in-house data 49 for mild operating conditions. 7 

Section 5 is devoted to describing in detail the regression algorithm for model refitting including 8 

the techniques for robustness improvement. A quantitative comparison among Graaf, Vanden 9 

Bussche-Froment (VBF) and proposed refitted model is provided. Finally,  further comparison for 10 

all the mentioned models has been done on an isothermal plug flow reactor implemented in Aspen 11 

HYSIS V10 using different feed compositions and pressures 50 showcasing the benefits of the 12 

refitted model. 13 

 14 

Figure 1 - Worldwide methanol production trend (rearranged from Sheldon 1). 15 

 16 
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 1 

Figure 2 - Temperature and pressure trends in bulk methanol synthesis in the last century. 2 

 3 

Figure 3 - Technological advances in one century research and development for pressure reduction. 4 
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 1 

Figure 4 - Filed patents per year dealing with methanol synthesis. The datum for 2020 is only 2 

partial number, updated to March 2020. 3 

 4 

Figure 5 - Classes of patents filed for methanol synthesis: different feedstocks; different methods, 5 

apparatuses, and processes; different catalysts. 6 

 7 
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 1 

Figure 6 - Incidence of type of technology in the syngas-to-methanol class of filed patents. 2 

 3 

 4 

Figure 7 - Incidence of the source in the feedstock class of filed patents. 5 

 6 
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 1 

Figure 8 - Incidence of catalyst type in the catalyst class of filed patents. 2 

TECHNOLOGY TRENDS 3 

Patent filing and publication are realistic mirrors of the global market trends especially in the 4 

industrial sector, indeed, these allow to identify fields where, for instance, the chemical industry 5 

is projecting major efforts and economic interests in developing new technologies and/or 6 

improving the existing ones. In this work, the technological trends have been investigated through 7 

Orbit Intelligence (https://www.orbit.com - accessed on 3rd April 2021) a fee-based professional 8 

databased, and Espacenet (https://worldwide.espacenet.com - accessed on 1st April 2021) a free 9 

patent database. The search criteria and keywords used in the patents filing research is provided 10 

in the tables in Appendi C.  11 

In 2018, the largest amount (66%) of worldwide methanol production was concentrated in Pacific 12 

Asia 51,52. The second areas for methanol production are the Middle East which weights for 14% 13 

and North America 7% on the global methanol market. Europe production covers only 3% of the 14 

total. As in IEA reports, local raw material, as well as geopolitical concerns, determine the main 15 

locations of bulk chemicals production. Asia dominates both global primary production and 16 

naphtha consumption, however, coal satisfies part of the raw material consumptions (almost 17 

24%). In addition, Pacific Asia is a unique macro area still using coal as feedstock, while Europe, 18 

Middle East, and North America consume naphtha and natural gas. 19 

http://www.orbit.com/
https://worldwide.espacenet.com/
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2522 patent families (inventions) have been identified for syngas-based methanol synthesis; 1084 1 

are still active (granted or pending) and 649 have been filed in the period 2016 – 2020. The trend 2 

of filings is doubled in the last decade, as shown in Figure 9Figure 9. China, United States, and Japan are 3 

the three top priority and publication countries. 2503 patent families have been dedicated to CO2 4 

to methanol; 1256 are still active (granted or pending) and 380 have been filed in the period 2016 5 

– 2020. Figure 7Figure 7 shows that the interest in CO2 as feedstock is continuously growing since the 6 

1960s and achieved a plateau in the 2000s (Figure 10Figure 10), the major publication countries are Japan 7 

and United States with a constant high rate of paper release.  8 

Analogous interest is on CZA and iron-based catalysts. The CZA, the most use catalyst for 9 

methanol synthesis being described or claimed in 893 inventions, as depicted in Figure 11Figure 11. Iron-10 

based catalysts are commonly used in industrial alcohols synthesis 53,54 and their costs, as for the 11 

CZA catalyst are lower compared to noble metals-based catalyst 55. As already discussed in the 12 

previous paragraph the change in the catalyst formulation from chromium to copper-based 13 

catalyst (CZA) was the break point for the methanol synthesis at milder conditions. In the light of 14 

previous considerations on the methanol catalyst development, trends in Figure 5Figure 5 for catalyst 15 

patents is now clear. The first patent filing period was around 1920-1950, while the second peak 16 

is concentrated in 1960-1985 due to the renewed excitement for the new copper-based CZA 17 

catalyst. The third wave (starting from 2020s) contemplates the patents related to catalyst 18 

improvements for specific applications. A lower number of filed patents for noble metals-based 19 

catalysts reflects this consideration. More recently, MOFs are promising alternatives to 20 

conventional catalysts for methanol production 56–58. This technology and the research in this field 21 

are still at an early stage as proven by few registered patents in the last five years. 22 

Figure 12Figure 12 illustrates the impact of feedstocks on new technologies. It is noticeable the last 40 23 

years were mainly dedicated to natural gas 25,32 and biomass-based technologies 59–61, whereas 24 

the coal technologies did not see the same progress. It is worth noting that the AutoThermal 25 

Reforming (ATR) counts less patents than the other technologies, which appear more 26 

consolidated. In any case, relevant players are recently giving growing attention to ATR 62,63. On 27 

the other hand, in the last 5 years, the technological trends have changed. There is, in fact, a 28 

renewed interest in coal-based technologies with a similar number of patents if compared to 29 

biomass and natural gas-based technologies. This trend could be explained by readiness levels 30 

of carbon capture technologies able to make coal more environmentally sustainable 64–69. It is 31 

possible to appreciate an increasing rate in patent filing and publications, indeed, almost 30% of 32 

all the patent filings of the last 40 years were submitted in the last lustrum. This trend is testimony 33 
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to the great excitement around the methanol sector and a renewed interest in improving the 1 

current technologies and introducing more efficient and sustainable processes driven by global 2 

energy transition 70. 3 

  4 

 5 

 6 

Figure 9 - Trend in filings and publications for the methanol synthesis inventions starting from 7 

syngas. 8 

 9 
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 1 

Figure 10 - Trend of filings and publication for methanol synthesis invention using CO2. 2 

 3 

Figure 11 - Patents for conventional catalyst used in the methanol synthesis. 4 

 5 
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 1 

Figure 12 - Number of filed patents classified for sources of feedstocks. Natural Gas is represented 2 

by the summation of its three main technologies: Steam Methane Reforming (SMR), AutoThermal 3 

Reforming (ATR), and Partial Oxidation (POX). 4 

THEORETICAL BACKGROUND 5 

The most commonly used kinetic scheme for methanol synthesis via syngas (CO, CO2, and H2 6 

with the variable relative ratio of the three components) consists of three main reactions 71,72:  7 

CO2 + 3H2 ⟷ CH3OH + H2O (1) 

CO2 + H2 ⟷ CO + H2O (2) 

CO + 2H2 ⟷ CH3OH (3) 

The mechanism to produce methanol starting from CO and CO2 is not yet clearly understood. 8 

Historically, CO was considered the main carbon source for methanol production while CO2 a 9 

stable component 73. Later, the role of CO2 as a reactant was introduced in kinetic models. Some 10 

authors state that the methanol reacting scheme is composed of only CO and CO2 hydrogenations, 11 

i.e. reactions (1) and (3) 74–76, while others account also for their interchangeable roles through 12 

reverse water gas shift (RWGS), i.e. reaction (2) 77–81. Others assume that CO2 hydrogenation is 13 
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the only reaction pathway to produce methanol 82–85. A summary of these four different kinetic 1 

mechanism proposals has been reported in Table 1Table 1 and a more detailed list is provided in 2 

review articles, such as Bozzano and Manenti 44. The kinetic scheme could be complemented by 3 

side reactions, such as methanol dehydration to DME reaction or hydrocarbons formations, as 4 

reported in Park 80. In the present study, these side reactions have not been considered because, 5 

due to their presence in traces, they were not always measured in the experimental data, thus, to 6 

make the dataset homogeneous these side products have been neglected. 7 

 8 

Table 1 - Different carbon sources and kinetic schemes for methanol production 9 

Authors Carbon source Model Reactions 

Villa et al., 1985 73 CO 
CO + 2H2 ⟷ CH3OH 

CO + H2O ⟷  CO2 + H2 

Klier et al., 1982 74 

McNeil et al., 1989 75 

Ma et al., 2009 76  

CO + CO2 
CO2 + 3H2 ⟷ CH3OH + H2O 

CO + 2H2 ⟷ CH3OH 

Takagawa et al., 1987 78 

Graaf et al., 1988 77 

Seidel et al., 2018 79 

Park et al., 2014 80 

Lim et al.,2009 81 

CO + CO2 

CO2 + 3H2 ⟷ CH3OH + H2O 

CO2 + H2 ⟷ CO + H2O 

CO + 2H2 ⟷ CH3OH 

Skrzypek et al., 1991 85 

Askgaard et al., 1995 84 

Kubota et al., 2001 83 

Vanden Bussche and Froment, 1996 82 

CO2 
CO2 + 3H2 ⟷ CH3OH + H2O 

CO2 + H2 ⟷ CO + H2O 

 10 

Since hydrogenation reactions are exothermic, an optimal temperature to balance kinetic and 11 

equilibrium is required. Currently, methanol synthesis is conducted in a multi-tubular packed-bed 12 

at moderate temperature (230-270°C) 71. To favor the conversion of the reactants, high pressure 13 
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should be used. However, nowadays the processes are conducted in the range 50-100 bar to 1 

decrease the cost of gas compression 71,72. 2 

The composition of the Synthesis gas fed to the methanol reactor can be characterized according 3 

to two parameters: the Stoichiometric Number (SN) and Carbon Oxides Ratio (COR) whose 4 

expressions are reported in (4) and (5). 5 

SN =
yH2 − yCO2

yCO + yCO2

 (4) 

COR =
yCO2

yCO + yCO2

 (5) 

Where y is the molar fraction of the i compound. 6 

A syngas with SN<2  indicates an excess of carbon oxides with the respect to H2 and would lead 7 

to higher by-products formation 48. When SN = 2 the reacting mixture is stoichiometric. 8 

Industrially, a syngas with slightly higher SN~2.05, i.e., so in excess of H2, is used. The optimal 9 

value depends on the catalyst activity or the origin of the raw materials. In Løvik et al. 86 an optimal 10 

value of SN = 2.05 is reported, if the syngas comes from natural gas reforming a value of 2.8-3 11 

can be achieved 44. The optimal SN results in better catalyst performance, activity, and production 12 

rate. The COR defines the amounts of CO and CO2 in the reacting mixture. In typical processes, 13 

COR is usually held below 0.6 87 since higher amounts of  CO2 lead to drops in the reaction 14 

kinetics, equilibrium conversion as well as fast catalyst deactivation. However, in these conditions, 15 

the selectivity towards high carbon-content side products is lower 88. The commercial catalysts are 16 

based on Cu/ZnO/Al2O3 (CZA catalyst) 49,89 where copper is essential to promote the shift reaction, 17 

changing the relative ratio among CO, CO2, and H2. The catalyst composition varies according to 18 

the producer, generally copper ranges in weight between 20% and 80%, zinc oxide from 15% up 19 

to 50% and Al2O3 content varies from 4% to 30% 90. Additives and additional promoters, for 20 

instance, MgO, are present to decrease sintering resistance and increase the catalyst lifetime. CZA 21 

catalysts are active between 220 and 280°C and their selectivity to methanol reaches 99% 22 

44. Catalyst activity decreases due to deactivation by poisoning as well as thermal sintering. 23 

Typically, their average lifetime is about 4 years 44. Many kinetic studies have been conducted to 24 

find the best kinetic rates for the model, but research is still ongoing for a definitive solution. 25 
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Microkinetic models, that also include adsorption interactions, can use as many as 50 reactions to 1 

describe the process as shown in several recent works 57,91,92. The kinetic models industrially used 2 

for optimization and design of chemical reactors consider only the three reactions mentioned in 3 

reactions (1) – (3), or, in some cases, only two of them. In literature different models have been 4 

proposed, a comprehensive summary of them is reported and listed in Bozzano and Manenti review 5 

44. The most used are the kinetic models proposed by Graaf and Vanden Bussche-Froment (Table 6 

2Table 2). 7 

In this paper, Graaf model (GR) is assumed as more robust and complete since it accounts for both 8 

CO and CO2 hydrogenation in presence of Reverse Water-Gas Shift (RWGS) reaction, which 9 

affects the COx relative ratio. This paper aims at improving the accuracy of Graaf model, through 10 

a nonlinear regression to refit its adaptative parameters (i.e., pre-exponential factors, activation 11 

energies, and adsorption heats). To accomplish this target, experimental data have been collected 12 

both from literature and further experimental campaigns  49. These experimental data have been 13 

filtered through an outliers detection algorithm to remove gross errors which highly affect the 14 

regression performance. Through this step also internal consistency of the dataset was achieved by 15 

removing a limited number of experimental data which were overly impactful on the regression 16 

results.  17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 
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Table 2 - Kinetic rate for Graaf and VBF models  1 

Models Reactions rates expressions 

Graaf (GR) 77 rCO2/MeOH =  

k1KCO2
(fCO2

fH2

3
2  −

fMeOH fH2O

fH2

3
2KeqCO2

)

(1 + KCOfCO + KCO2
fCO2

)(fH2
 1/2  + (KH2O/KH2

1/2)fH2O)
 

 

 rRWGS =

k2KCO2
(fCO2

fH2
 −

fH2OfCO

KeqRWGS
)

(1 + KCOfCO + KCO2
fCO2

)(fH2
 1/2  +  (KH2O/KH2

1/2)fH2O)
 

 
rCO/MeOH =

k3KCO (fCOfH2

3
2  −

fMeOH

fH2

1
2KeqCO

)

(1 + KCOfCO + KCO2
fCO2

)(fH2
 1/2  +  (KH2O/KH2

1/2)fH2O)
 

  

Vanden Bussche -  

Froment (VBF) 82 

rCO2/MeOH =  

k1pCO2
pH2 (1 −

pMeOH pH2O

pH2
3pCO2 KeqCO2

)

(1 + K1
pH2O

pH2
+ √K2pH2 +  K3pH2O)

3 

 

 
rCO2/MeOH =  

k2pCO2 (1 −
pCO pH2O

pH2pCO2 KeqRWGS
)

(1 + K1
pH2O

pH2
+ √K2pH2 + K3pH2O)

 

 

 2 

COLLECTION OF EXPERIMENTAL DATASETS 3 

The nonlinear regression analysis conducted within this study is based on several experimental 4 

data available in literature whose authors are listed in Table 3Table 3. Since most of the 5 

experimental data are available for high-pressure applications, to extend the dataset also at low-6 

middle pressure, new experimental data  available in Previtali et al. 49 has been included. Data has 7 

been clustered according to operative conditions (i.e., pressure, temperature, SN and COR). The 8 

collected observations (159 points, Appendix B) are suitable for performing a nonlinear regression 9 
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93. The new dataset covers the operative conditions relevant for both conventional methanol 1 

synthesis as well as low-middle pressure methanol synthesis via bio-syngas 94. 2 

The selected dataset includes experiments conducted using a lab-scale PFR reactor with 3 

Cu/ZnO/Al2O3 as catalyst. Park et al. 80 report several experiments conducted at higher pressure 4 

(i.e. 50-80 bar) and temperatures ranging from 220°C up to 340 °C. Graaf 95 experiments were 5 

conducted at low pressure (i.e. 10-50 bar) with different temperatures and various inlet flowrates 6 

composition on CZA-based catalyst. We decided to limit the experimental data from Graaf’s 7 

dataset and to consider only the experimental observations at 20 bar. This decision was made 8 

considering that Park provides a larger reliable dataset with a considerable number of observations 9 

around 50 bar. Consequently, we decided to add only Graaf’s observations at 20 bar to balance the 10 

weight and number of the experimental observations (i.e., uniform distribution of experimental 11 

data over the pressure range of interest 20 - 60 bar). Otherwise, a huge number of experimental 12 

points close to 50 bar would have negatively impacted on the refit performance forcing the 13 

minimization solver to better predict close to 50 bar region by neglecting other portions of the 14 

investigation domain where observation were less dense 96,97. As last consideration, we decided to 15 

limit the number of experimental data in the database not to reduce the computational time and 16 

efforts. We believe that 159 observations are sufficient to perform a kinetics refit. For these 17 

reasons, we considered the additional Graaf experimental points as redundant. 18 

 19 

Table 3 - References for data set 20 

Authors Reference Catalyst 

Park et al., 2014 80 
CZA Süd-Chemie 

MegaMax 700 

Graaf, 1988 95 ICI 51-2 (CZA catalyst77) 

Previtali et al., 2020 49 CZA 

 21 

 22 

 23 
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APPARATUS FOR IN-HOUSE METHANOL SYNTHESIS EXPERIMENTAL DATA 1 

The experimental bench-scale reactor used for methanol synthesis is described in detail in Previtali 2 

et al. 49 and briefly introduced here. 1 g of catalyst was loaded in packed bed configuration in a 6 3 

mm diameter reactor with a length of 560 mm. Before the test, 20 NmL·min−1 of hydrogen was 4 

used to reduce in situ at 573 K, 0.8 MPa for 3 h the catalyst. Then, nitrogen (internal standard for 5 

chromatographic analyses), carbon monoxide, hydrogen, and carbon dioxide were mixed to the 6 

desired concentration as feed for the reactor. Reactants flow from the top to the bottom of the 7 

reactor with a GHSV of 4030 h−1. A pressure controller regulated the pressure to a value of 2 MPa. 8 

An electrical furnace heated the reactor at the desired temperature. Before the pressure controller, 9 

a cold trap (T = 265 K) condenses methanol and water. A micro-GC (Agilent 3000A, carrier: He) 10 

samples the exiting gases every 1 h for the determination of the flow of exiting CO and, therefore, 11 

CO conversion. Moreover, the micro-GC detects the uncondensed methanol. 12 

 13 

KINETIC PARAMETERS REFIT ALGORITHM 14 

Kinetic parameters for the updated Graaf model have been refitted through a non-linear regression 15 

of the 159 experimental data points mentioned in the previous section. 16 

Kinetic parameters in Graaf’s model 17 

For the parameters regression of the updated kinetic model, the Graaf reaction rate model has been 18 

chosen. Graaf's doctoral thesis and successive works 95 introduced the original parameters for 19 

Graaf model (Table 4Table 4). Thermodynamic equilibrium constants of the three reactions in the 20 

methanol synthesis are listed in Table 5Table 5 49. 21 

 22 

 23 

 24 
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Table 4 - Original Graaf's kinetic parameters for low-pressure methanol synthesis as reported in 1 

Graaf’s et al. work 98 2 

Reactions Rates Kinetic parameters 

CO2 + 3H2 → CH3OH + H2O rCO2/MeOH =  

k1KCO2
(fCO2

fH2

3
2  −

fMeOH fH2O

fH2

3
2KeqCO2

)

DEN
 

 

k1 = 1.09 ∙ 105 e− 
87500

RT  

CO2 + H2 → CO + H2O 
rRWGS =

k2KCO2
(fCO2

fH2
 −

fH2OfCO

KeqRWGS
)

DEN
 

k2 = 9.64 ∙ 1011 e− 
152900

RT  

CO + 2H2 → CH3OH 

rCO/MeOH =

k3KCO (fCOfH2

3
2  −

fMeOH

fH2

1
2KeqCO

)

DEN
 

k3 = 4.89 ∙ 107 e− 
113000

RT  

Adsorption constants   

KCO2
= 7.05 ∙ 10−7 e 

61700
RT  

KCO = 2.16 ∙ 10−5 e 
46800

RT  

K
H2O/KH2

1/2 = 6.37 ∙ 10−9 e 
84000

RT  

where DEN = (1 + KCOfCO + KCO2
fCO2

)(fH2
 1/2  +  (KH2O/KH2

1/2)fH2O) 

 3 

Table 5 - Equilibrium constants provided in successive Graaf’s work 99 4 

Equilibrium constants expressions 

log10( Keq,CO2) =
3066

T
−   10.592 Keq,CO2 [bar−2]; T [K] 

log10( Keq,RWGS) = −
2073

T
−   2.029 Keq,RWGS [-]; T [K] 

log10( Keq,CO) =
5139

T
−   12.621 Keq,CO [bar−2]; T [K] 
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Reactor modelling 1 

The reactor model is necessary to introduce component balances in the refitting procedure and 2 

build a correlation between input and output to interpret experimental observations. A simple one-3 

dimension reactor model can be described using the following material balances over the axial 4 

direction z 80,100–102: 5 

dnk̇

dz
= ρbAb ∑ νkjrj 

NR

j=1

 (6) 

for each k-th component involved in j-th the reaction (reaction identification number as listed in 6 

Table 2Table 2 for Graaf’s model). Since the reaction rates are defined as moles consumed in time 7 

per unit of mass of catalyst, the bulk density, i.e. mass of catalyst per global volume of the reactor, 8 

needs to be included in the calculations. 9 

Regarding the energy balance, a constant axial temperature through the reactor has been 10 

considered due to the short length of the packed bed. Pressure drops have been neglected 48. For 11 

the calculation of component fugacity, the Soave–Redlich–Kwong EoS has been considered in 12 

accordance to literature 48,103. Finally, Graaf’s experimental observations were obtained in a 13 

spinning basket reactor whose thermal behavior is similar to a CSTR. However, the PFR model 14 

was adopted in the light of the following considerations: 15 

(1) In their recent publication, Nestler and coauthors 48 mentioned that that Graaf experimental 16 

apparatus is similar to a CSTR, however, they proposed only the PFR model to fit the 17 

experimental observations including the ones published in Graaf’s works. Inspired by this 18 

recent publication, we decided to adopt a similar approach. 19 

(2) looking at the experimental apparatus description and procedures 77, it is possible to state 20 

that the spinning basket reactor is likely a CSTR from a thermal point of view, meaning 21 

that the temperature is uniform within the reactor volume. However, bubble flows through 22 

a slurry where catalytic material is kept under agitation. Bubbles are progressively 23 

consumed thanks to the methanol synthesis occurring in the solid particles. Graaf 24 

demonstrated that his data were obtained under chemical regime. Bubbles arise along with 25 

the liquid volume, and they move through fictitious “channels” which are the space not 26 
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occupied by the solid particles. These channels make the bubble phase path closer to a PFR 1 

system. The combination of these two considerations convinced us to describe Graaf 2 

experimental system as a quasi-isothermal PFR 3 

Moreover, it is important to observe that the PFR model coupled with the VBF kinetics is in good 4 

agreement with Graaf observations at 20 bar (Appendix B and Figure 17Figure 17). This last further 5 

consideration supports that the PFR modelling is anyhow a good approximation. 6 

 7 

Optimization procedure 8 

The most common algorithm is the ordinary Least Square (LS) method that minimizes the 9 

Euclidean norm of the residuals between experimental data and values provided by the model 104. 10 

This method fails when the error is not normally distributed since it is strongly affected by either 11 

the presence of outliers or bimodal distributions. In these cases, a more robust approach should be 12 

applied. In several research papers 93,97,105,106 it has been proven that robust methods can detect 13 

outliers within a data set conversely to the LS method. Susanti 100 and Macchietto 107 provide 14 

different classes of robust estimation methods: M-estimation, S-estimation and MM-estimation. 15 

These procedures allow regressing adaptive parameters robustly and effectively such as in the case 16 

of kinetic laws (i.e. pre-exponential factors, activation energies, adsorption, and desorption 17 

equilibrium constants). The main advantages are reflected in a more stable convergence where 18 

parameters are less sensitive to perturbations caused by outliers 96,108,109. As suggested in Hampel’s 19 

work 110, robust regression can be combined with outliers detection.  20 

The adopted stepwise procedure in this paper is sketched in Figure 13Figure 13: 21 

1. LS method implementation 22 

2. Curve fitting adopting M-estimator algorithm  23 

3. Outliers identification and re-fitting on the reduced dataset  24 

 25 



 24 

 1 

Figure 13 – Flowchart of stepwise procedure. 2 

 3 

 4 



 25 

For the fitting procedure, the data has been imported to the reactor model described in the previous 1 

section. The nonlinear regression model has the form:  2 

ŷi =  f (xi ;  𝛃)   i =  1, . . . . , n = 159 (7) 

where the model response ŷi is related to the input variables xi through the function f that depends 3 

on the constant parameter vector 𝛃. The function is the component balance reported in Eq. (6). The 4 

residuals are calculated both for CO and CO2 (COx), methanol and hydrogen output values as:  5 

resi =  yi  −  ŷi     (8) 

where yi is the i-th experimental point.  6 

 7 

LS method 8 

The LS method estimates the regression coefficients by minimizing the sum of squares of the 9 

residuals with the respect to vector 𝛃 111. 𝛃 vector contains the Degrees of Freedom (DoF) of the 10 

constrained optimization. The DoF of the minimization are: 11 

 Pre-exponential factors appearing both in kinetic constants and adsorption parameters 12 

 Adsorption activation energies  13 

 Kinetic activation energies 14 

min
𝛃

∑(resi,CO
2 + resi,CO2

2 + resi,MeOH
2 +  resi,H2

2)

n

i =1 

 

Subject to v > 0 

(9) 

 

The sum has been minimized by adopting the original parameters of Graaf’s model as first guess 15 

values (Table 4Table 4). The multidimensional, multimodal, constrained, and nonlinear algorithm 16 

has been implemented in MATLAB® 2019b setting as constraints (v in Eq.9) that adsorption and 17 

kinetic activation energies are non-negative entities. These variables are stored in vector β. 18 

The model outputs (i.e., the calculated outlet compositions ŷi ), used in residuals estimates, comes 19 

from the solution of the differential material balances in Eq.(6). The initial conditions (feed 20 

compositions) are known from the experimental datasets and setup conditions described in 21 

Formattato: Tipo di carattere: 12 pt
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published works. The ODE solution takes advantage of the stiff system solver implemented in 1 

MATLAB® 2019b (ode15s). Hence, the numerical problem is a nested optimization, where the 2 

material balances (ODE) are integrated using kinetic parameters appearing in Graaf’s model are 3 

iteratively manipulated by the optimizer. Optimization stops once minimum is reached.  4 

Calculations have been performed on an Intel® Core™ i7-8700T: CPU (frequency 3.2 GHz), RAM 5 

16.0 GB 2666 MHz (processor based on 64 bit). Computations required close to 10 hours.  6 

The refitted parameters coming from the LS method have been used as first guess values in the 7 

procedure described in the following paragraph. At first, the estimated 𝛃 vector is just a 8 

preliminary result that will be refined according to specific robust numerical analysis. 9 

 10 

Robust method: application of M-estimator 11 

𝛃 vector is refined by minimizing an assigned objective function ρ:  12 

min
𝛃

∑ ρ(resi)

n

i= 1

 

Subject to v > 0 

(10) 

where the function ρ, conversely to LS method, assigns different weights to each residual 13 

depending on the gap between the experimental observation and the model. In this way, the 14 

algorithm can filter part of the dataset according to the error. Therefore, residuals affected by large 15 

deviations will have a lower impact and influence on the regression algorithm 100. Among the 16 

different objective functions belonging to the M-estimation class, the one proposed by Huber 93,112 17 

has been selected for this study: 18 

ρH(resi)  = {

1

2
resi

2                      for |resi| ≤ c

k |resi|  −
1

2
c2       for |resi| > c 

 

(11)  

 

(12) 

where c is a positive constant that can assume different values; in most cases, it is set equal to 19 

1.345 100. The residual is divided by the standard deviation s 113 which is calculated as: 20 
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s =
MAD

0.6745
 (13) 

MAD is the median of absolute deviations of the residuals from their median and 0.6745 is a bias 1 

adjustment to make it consistent for the standard deviation under the normal distribution, as 2 

suggested in 100,113. 3 

 4 

Outliers identification and final refit 5 

Since experimental data may be affected by the presence of outliers and/or large errors, the dataset 6 

has been furtherly filtered according to the outliers identification procedure to remove them and 7 

robustly refitting the kinetic parameters. Once an outlier is detected, there exist different 8 

alternatives to handle its value as reported in some works on the topic 114,115. It is possible to 9 

identify three different main approaches (others are slight modifications): (1) outliers removal, (2) 10 

data correction, and (3) keep the data and further analysis. In the proposed approach, we preferred 11 

removing outliers instead of correcting them. This choice was driven considering potential data 12 

heterogeneity in the dataset (hence, possible issues in estimate an accurate estimate for standard 13 

deviation and normalized value). Unfortunately, the dataset heterogeneity cannot be assessed a 14 

priori. To accomplish this final refinement, High Breakdown Diagnostics (HBD) has been applied 15 

116. The standardized residuals for both the fractions of CO and CO2 have been calculated as 16 

reported in Eq.8. If the value of the standardized residual is higher than an assigned threshold value 17 

(i.e. 2.5 as suggested in Buzzi Ferraris 96) the corresponding experimental case is detected as an 18 

outlier and a weight equal to zero has been assigned in the last LS estimation: 19 

wi  = {
    wi  = 1       if |resi / s| ≤ 2.5

wi  = 0               otherwise
 

(14) 

(15) 

The objective function of the last LS minimization becomes:  20 

Fobj = ∑ wiCO  

n

i= 1

(resiCO
)

2
+ ∑ wiCO2 

n

i= 1

(resiCO2  )
2

+ ∑ wiMeOH

n

i= 1

(resiMeOH )
2

+ ∑ wiH2 

n

i= 1

(resiH2  )
2

 (16) 
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The vector of parameters 𝛃 obtained after this final step procedure is the one proposed for the 1 

model. Figure compares intermediate results and proves that the proposed updated Graaf-type 2 

model is more effective in predicting methanol synthesis as the stepwise optimization algorithm 3 

proceeds. 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 
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RESULTS AND DISCUSSION 1 

Proposed kinetic model and comparison with the original Graaf’s model 2 

The kinetic parameters and adsorption constants resulting from the regression method are listed in 3 

Table 6Table 6. The comparison of parameter values is available in Appendix A. 4 

 5 

Table 6 - Proposed refitted Graaf model parameters 6 

Reactions Rates Kinetic parameters 

CO2 + 3H2 → CH3OH + H2O rCO2/MeOH =  

k1KCO2
(fCO2

fH2

3
2  −

fMeOH fH2O

fH2

3
2KeqCO2

)

DEN
 

 

k1 = 9.205 ∙ 101 e− 
45889

RT  

CO2 + H2 → CO + H2O 
rRWGS =

k2KCO2
(fCO2

fH2
 −

fH2OfCO

KeqRWGS
)

DEN
 

k2 = 4.241 ∙ 1013 e− 
149856

RT  

CO + 2H2 → CH3OH 

rCO/MeOH =

k3KCO (fCOfH2

3
2  −

fMeOH

fH2

1
2KeqCO

)

DEN
 

k3 = 2.240 ∙ 107 e− 
106729

RT  

Adsorption constants   

KCO2
= 1.540 ∙ 10−3 e 

14936
RT  

KCO = 8.206 ∙ 10−9 e 
76594

RT  

K
H2O/KH2

1/2 = 3.818 ∙ 10−9 e 
97350

RT  

where DEN = (1 + KCOfCO + KCO2
fCO2

)(fH2
 1/2  +  (KH2O/KH2

1/2)fH2O) 

Activation energies are expressed in [J/mol] 

 7 
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Figure 14Figure 14 reports only the parity plots for COx and methanol comparison for experimental 1 

observations and model outputs using the reduced data set. The reduced dataset is the one obtained 2 

by removing detected outliers. For convenience, the authors report the chart of standardized 3 

residuals (Figure 15Figure 15) for experimental data which are listed in the same order as in Appendix B. 4 

 5 

Table 7 - Comparison of activation energies in kinetic and heats adsorption constants 6 

Parameter 
Original Value 

[J/mol] 

Refitted Value  

[J/mol] 

Deviation 𝚫𝐄 

[%] 

k1 87500 45889 47.6 

k2 152900 149586 2.17 

k3 113000 106729 5.55 

KCO2
 61700 14936 65.8 

KCO 46800 76594 - 63.7 

K
H2O/KH2

1/2 84000 97350 - 15.9 

 7 

In Table 7Table 7, both original and refitted activation energies and adsorption heats are listed and 8 

compared. From a preliminary comparison, it is noticeable that refitting procedure has kept the 9 

order of magnitude of each energy parameter. Moreover, the algorithm has deeply modified 10 

adsorption heats, while activation energies have been kept except for direct CO2 hydrogenation, 11 

which is highly reduced. This last correction confirms what is depicted in Figure 14Figure 14b 12 

which shows original Graaf’s model tends to underestimate methanol production. For this reason, 13 

the minimization algorithm tries to increase the methanol fraction in the product stream by acting 14 

on the production rate. Hence, CO2 direct hydrogenation activation energy is drastically reduced. 15 

More in general, Figure 14Figure 14 clearly depicts the beneficial impact brought by the robust 16 

regression procedure in terms of accuracy both for COx (especially CO2) and methanol formation 17 

prediction. For methanol, it is evident a strong alignment with the experimental observation and a 18 

drastic reduction of the original model inaccuracies. 19 
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The standardized residuals for both CO and CO2 have been calculated and the ones crossing the 1 

threshold value of 2.5 have been identified as outliers. The standardized residuals are reported in 2 

Figure 15Figure 15. Globally, this study identifies 23 outliers (14.4% of the total amount of data) 3 

within the selected dataset.  4 

 5 

 6 

Figure 14 - Parity plots of molar fractions in products mixture: (a) CO2 (blue square), CO (red 7 

triangle) and (b) methanol (yellow circle) for original Graaf (row 1) and refitted model (row 2) 8 

 9 
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 1 

Figure 15 - Standardized CO2 (a) and CO (b) residuals: horizontal lines are the threshold ±2.5. 2 

 3 

Comparison with original Graaf and VBF models results 4 

The refitted Graaf model has been compared to both the original Graaf 98 and Vanden Bussche and 5 

Froment 82 models. The comparison has been conducted analyzing the residual sum of squares and 6 

the ability of all the models to predict the measured values (the overall dataset, including the 7 

detected influential observations). The sum of squared residuals has been calculated on the overall 8 

dataset (Appendix B) for each model as: 9 

Sumres  = ∑(resi,CO
2 +  resi,CO2

2  +  resi,MeOH
2  +  resi,H2

2 )

n

i =1 

 (17) 

The calculated residual sums are reported in Table 8Table 8. 10 
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Table 8 - Sum of square residuals for each model 1 

Model Sumres SumCOx SumMeOH SumH2 

Graaf (GR) 0.6760 0.1614 0.3632 0.1514 

Vanden Bussche – Froment (VBF) 0.2175 0.0365 0.1124 0.0683 

refitted Graaf 0.2030 0.0723 0.0483 0.0824 

 2 

As it can be seen in Table 8Table 8, despite VBF kinetic model has the lowest value of the sum 3 

residual of COx, the Proposed Model better predicts the methanol production and the methanol 4 

content in the products mixture. As already discussed in Section 3, VBF model is unable to predict 5 

methanol formation without CO2 and steam in the feed and it leads to significant spikes in methanol 6 

prediction error on those data points. The original Graaf model benefitted from the refit procedure: 7 

COx and methanol residual sum have been reduced by one order to magnitude, and specifically, 8 

more than halved (-54.3% and -86%), respectively. Original GR model presents the highest 9 

deviations from the experimental values, which means that: (1) original GR model may have not 10 

been filtered from outliers and/or gross errors and (2) it is not suitable to predict methanol synthesis 11 

at low-medium pressure. Consequently, the proposed model improves the GR model and solves 12 

some of its drawbacks such as being able to predict CO-to-methanol synthesis path also in mild 13 

pressure conditions, as happens in biogas conversion processes 117. These considerations are seen 14 

in the sum of squared errors: the proposed model exhibits lower residuals with respect to GR and 15 

VBF models since the numerical procedure allowed to detect and remove outliers (i.e. robust 16 

refitting) for CZA catalyst also in presence of slight differences in the catalyst formulation and/or 17 

preparation. 18 

As it can be seen in Table 8Table 8, the updated Graaf model presents the lowest sum of squared 19 

residuals. In details, the sum of the errors has been dropped up to less than one third of the original 20 

Graaf model. The refitted model is able to better spread on the CO2, H2 and MeOH compounds 21 

the deviation between the model predictions and the datasets; this allows to improve the general 22 

prediction with special focus on the methanol production. 23 

The impact of the feed composition on reaction rates and carbon conversion has been investigated 24 

for the analyzed kinetic models. The feed is a mixture of CO, CO2 and H2, whose relative content 25 
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is the degree of freedom of the sensitivity analysis. The reactor is assumed isothermal (250°C) and 1 

the pressure fixed (50 bar) to test the model performance in modern mild industrial conditions as 2 

in the case of biogas-to-methanol small plants or more recent and innovative industrial methanol 3 

synthesis plants such as MegaMethanol. The Carbon Conversion defined in Eq.18 has been 4 

evaluated varying the COR value. COR ranges between 0 and 1, while the stoichiometric number 5 

(SN) has been set equal to 2, 2.2, and 1.8 to simulate different possible industrial feeds. Fixing SN 6 

and COR parameters the reactants mixture composition is properly defined. 7 

XC =
[(nCO2 ,in

  + nCO,in ) −  (nCO2 ,out  + nCO,out)]

nCO2 ,in
  +  nCO,in

 (18) 

 8 

Figure 16 - Carbon conversion at different COR values: proposed model (red), GR (yellow) and 9 

VBF (blue) at fixed operating conditions T = 250°C, P = 50 bar: (a) SN = 2; (b) common industrial 10 

SN = 2.2; (c) SN = 1.8 11 

 12 

Plotted profiles follow literature studies 48,118 (Figure 16Figure 16) and the refitted Graaf model 13 

preserves the general shape of the curve meaning that the refit procedure did not cause any 14 

unfeasible predictions or abnormal behaviors. In the calculations the refitted parameters have been 15 

used for the updated model (Table 6Table 6). Figure 16Figure 16 shows that all the kinetic models 16 
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reach a maximum of carbon conversion at low values of COR (small content of CO2): there are 1 

slight differences between the models’ sensitivity toward COR. Despite peaks are present for 2 

similar values of COR, the amplitude of the maximum peak is considerably different: the original 3 

Graaf model shows a flat profile, while the proposed model tends to replicate the VBF profile. 4 

Focusing on Figure 16Figure 16(a), the VBF model shows a peak in carbon conversion at COR equal to 5 

0.17 predicting a global carbon conversion of 43% while the refitted model reaches a maximum 6 

around 28% for COR close to 0.23. The chart also points out the low activity of Graaf kinetic 7 

model whose conversion does not overcome 10%, while VBF predicts a larger methanol 8 

production. The trend of the proposed kinetic model is comparable to VBF model: the proposed 9 

refit is a trade-off between the original model and VBF till COR around 0.8. After this point, the 10 

proposed model overcomes the VBF Carbon Conversion. However, the discrepancy in the 11 

predicted carbon conversion is limited (20%). Analogous considerations can be provided for lower 12 

and higher SN as depicted in Figure 16Figure 16 (b) and (c) cases.  13 

Finally, predictions for the methanol production for the three kinetic models have been 14 

investigated and compared to the experimental observations (Appendix B) where detected outliers 15 

are included. Figure 17Figure 17 depicts the relative errors among predicted methanol production and 16 

experimental data. Horizontal thick lines confine the ±25% deviation space. According to the 17 

chart, it is possible to state:  18 

(1) Limited to our analysis and the provided results, VBF model under certain conditions  tends 19 

to overestimate the real activity of the catalyst whereas Graaf model tends to underestimate 20 

methanol production. These models exhibit large deviations in some points inside the 21 

domain of industrial interest. The exploitation of heterogenous datasets (slight catalyst 22 

formulation and corresponding different catalytic activity at mild or high pressure) may 23 

lead to this conclusion. However, the experimental observations have been selected 24 

considering similar catalysts. Hence, systematic errors in pressure-activity relations should 25 

be limited. The absence of systematic errors in pressire-activity is furtherly confirmed in 26 

the next paragraph (Figure 18Figure 18 - Figure 22Figure 22) where charts shows smooth profiles meaning 27 

that abnormal trend associated with systematic errors are not present. In conclusion, we 28 

would remark that this work aims at finding a more accurate and general Graaf kinetic 29 

model to describe the methanol synthesis over CZA-based catalysts even for different 30 
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catalyst formulation. We were convinced in pursuing this target once we realized that Graaf 1 

model is reliable only for 20 < P < 50 bar. Hence, to achieve this target, we are forced to 2 

collect experimental observations coming from different (hence potentially heterogenous) 3 

experimental campaigns. Currently, in the literature there are not works dealing with the 4 

catalyst performance over a wide pressure range. Researchers preferred focusing only on a 5 

narrow pressure range (i.e., middle-low pressure 30 - 50 bar or high pressure, P > 50 bar). 6 

The generality purpose requires that we need to accept to use these data from different 7 

CZA catalyst (even in presence of slight catalyst formulation) at different operating 8 

conditions knowing that this may cause potential systematic errors in the pressure activity 9 

relations which have not been detected in the present work. 10 

(2) Original Graaf model suffers from high-pressure domain (i.e. P>50 bar) since it was 11 

developed for milder operative conditions. In any case, it manifests large deviations also 12 

for experimental points within its applicability region. This might be due to Graaf and co-13 

workers not removing influential observations from their experimental points which highly 14 

affected the numerical fitting; 15 

(3) Proposed model predictions concerning methanol production mostly stay between the 16 

values provided by the other two and, more in general, in large part of the sample, the 17 

relative error is included within ±25%; 18 

(4) In the case of pure CO feed, the VBF model is unable to predict methanol production since 19 

it considers only the direct CO2 hydrogenation pathway. Conversely, the proposed model 20 

can operate in presence of pure syngas (i.e. only CO and H2 feed composition). This aspect 21 

was also pointed out by Nestler et al. 48; however, they did not prefer to furtherly investigate 22 

and solve this issue related to VBF model; 23 

To further increase refitted GR accuracy, Park’s experimental data 80,81 have been also considered 24 

to extend operating conditions not only in terms of temperature and pressure but also feed 25 

composition, including dry feed that VBF model is unable to handle even though some authors in 26 

this condition either preferred to add fictitious traces (100 ppm) of carbon dioxide to activate VBF 27 

mechanism to enable kinetic model parameters refit 103 avoiding any numerical instabilities or 28 

directly removing experimental data acquired under such conditions 48 29 

 30 
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 1 

Figure 17 - Relative errors in methanol production flowrates according to: proposed refitted model 2 

(red cycles), Graaf (yellow square) and Vanden Bussche – Froment (blue triangle). 3 
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Kinetic models comparison at the process scale (bio-methanol plant) 1 

Finally, the refitted Graaf kinetic model has been implemented in Aspen HYSYS V.10 to compare 2 

methanol productivity and the conversion of reactants (CO2, CO, H2) with regards to the original 3 

Graaf kinetic model and VBF at different operating conditions (pressure and syngas feedstocks 4 

and composition).  The simulation flowsheet consists of an isothermal plug flow reactor for 5 

biomethanol synthesis. Reactor data and pressure range are reported in Table 9Table 9; while feedstock 6 

compositions are reproduced from Leonzio’s paper 50 and listed in Table 10Table 10.This further analysis 7 

allows to implement the proposed refitted Graaf model in the process simulator to obtain reliable 8 

and instant material differential equation integration. The simplified flowsheet permits to focus 9 

the attention only on the conversion of reactants and methanol productivity per single pass in a 10 

PFR reactor, hence, without considering the complete methanol synthesis scheme and the impact 11 

of the recycle loop. 12 

 13 

Table 9 - Reactor data 14 

Variables Values UOM 

Tube Length 4.00 m 

Inner diameter 3.81 cm 

Tubes number 25 - 

Void Fraction 0.40 - 

Feed Flowrate 50.00 kmol/h 

Pressure Ranges 30-80 bara 

Reactor Temperature 250 °C 

 15 

 16 

 17 

 18 

 19 
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Table 10 - Analyzed feed compositions (molar fraction or ppm) 1 

Specie Petro-Syngas Syngas Flue Gas Coke Oven Gas Bio-Syngas 

H2 0.6087 0.8000 0.803 0.4800 0.6504 

CO 0.0795 0.0476 0.017 0.4160 0.2519 

CO2 0.0842 0.0295 0.173 0.0370 0.0856 

H2O 600 ppm 600 ppm 1000 ppm - 700 ppm 

CH4 0.2183 0.1192 - 0.0220 0.0114 

CH3OH 2400 ppm 3000 ppm 5000 ppm - - 

N2 6300 ppm 100 ppm - 0.0300 - 

O2 - - - 6000 ppm - 

H2/CO 7.66 16.81 47.24 1.15 2.58 

CO/CO2 0.95 1.61 0.10 11.24 2.94 

SN 3.20 10.00 3.30 0.98 1.67 

 2 

Results have been obtained for isothermal reactor changing the operating pressure and they are 3 

graphically provided in Figure 18Figure 18 - 22. For each feedstock, four plots have been 4 

generated: methanol (a). Further charts are CO2 (b), CO (c), and H2 (d) conversions, respectively. 5 

 6 
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 1 

Figure 18 - Petro-syngas methanol production and conversion plots 2 

 3 

Figure 19 – Syngas methanol production and conversion plots 4 
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 1 

Figure 20 - Flue gas methanol production and conversion plots 2 

 3 

Figure 21 - Coke Oven Gas (COG) methanol production and conversion plots 4 
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 1 

Figure 22 – Bio-syngas methanol production and conversion plots 2 

 3 

Figure 18Figure 18 (Petro-gas) and Figure 19Figure 19 (syngas) depict that refitted kinetic model overlaps the VBF 4 

profile for methanol productivity and CO and H2 conversion at fixed pressure, whereas for the CO2 5 

conversion predictions are very similar for all the analysed kinetics. Moreover, concerning the 6 

syngas feedstock (Figure 19Figure 19), the refitted model shows a positive discrepancy (+10%) in methanol 7 

production for pressure larger than 50 bar, and this is also reflected in the COx conversion meaning 8 

that both CO2 and CO direct hydrogenation pathways are active in methanol production. These 9 

two feedstocks are characterized by a large excess of H2 and small COx content. In the light of the 10 

GR and VBF kinetic schemes it is possible to justify the gap in the overall methanol productivity: 11 

on the catalyst surface, the RWGS takes place with the production of CO, which is directly 12 

hydrogenated to methanol in Graaf’s scheme while, according to VBF mechanism, CO2 direct 13 

hydrogenation is favoured for large hydrogen partial pressure and RWGS works in parallel until 14 

shifting reaches the equilibrium. As highlighted in Park et al. 80, there is not yet full clarity on the 15 

CO or CO2 prevalent path for methanol synthesis. 16 
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Different trends are obtained for the flue gas feedstock (Figure 20Figure 20), which contains a significant 1 

amount of CO2 (17% mol/mol). In this case, the direction of WGS is shifted towards the reverse 2 

path and this is reflected in significant production of CO (i.e. negative conversion of CO). 3 

Conversely to Graaf, VBF model predicts the highest value due to fact that the kinetic scheme 4 

does not consider the direct CO hydrogenation resulting in continuous production and 5 

accumulation of this species. This is compliant with what was observed also in Leonzio 50. For this 6 

CO2-rich feed, refitted kinetic model shows positive deviation in CO2, H2 conversion and methanol 7 

productivity (~70%). As already discussed in the refitting procedure section (Table 7Table 7), regression 8 

method provides a lower CO2 hydrogenation activation energy. This means that CO2-to-methanol 9 

kinetics are more active, hence, higher CO2 conversions are expected for the refitted model 10 

compared to the original Graaf.  11 

Finally, the profiles for COG (Figure 21Figure 21) and bio-syngas (Figure 22Figure 22) are very similar: in these 12 

cases, the refitted kinetic lies between VBF and GR. These two feedstocks have a similar CO and 13 

H2 contents with a small amount of CO2 (i.e. low COR). In these cases, the direct WGS is active 14 

and not the reverse path, hence, CO2 direct hydrogenation is likely the main chemical mechanism 15 

to produce methanol. As already discussed, the refitted model enables a more active CO2 direct 16 

hydrogenation to methanol, and this justifies the gap between original Graaf’s model and refitted 17 

one. Indeed, the refitted model profiles are closer to the VBF’s results. 18 

More in general, process simulation results highlight more flexibility of the refitted kinetic models 19 

relating to different feedstocks, this model manages the shortcomings of VBF and GR respecting 20 

the chemical pathways of the reactions, this is clear from the profile curves. Indeed, the refit 21 

procedure heavily impacted the CO2 direct hydrogenation: the gap reduction between VBF and 22 

original Graaf is partially due to the refit procedure which corrected kinetic parameters moving 23 

the refitted model closer to the VBF curve. In other words, as shown in methanol production from 24 

syngas (both petro- and bio-) and COG, the refitted model predictions are very similar to VBF 25 

model except for feedstock with large content in CO2. At such operating condition, RWGS affects 26 

the CO2/CO ratio, and this impact is reflected in: 27 

(1) CO hydrogenation becomes the preferential chemical path to methanol production, and 28 

hydrogen partial pressure progressively reduces owing to RWGS and CO hydrogenation; 29 
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(2) CO is accumulated in the system, as also show in 50, however, differently from Graaf 1 

scheme, VBF model is not able to convert it into methanol. 2 

For these reasons, refitted model predicts larger methanol production rather than VBF one in 3 

systems with large excess of CO2. In almost all the other analysed feedstocks, the discrepancies 4 

between VBF and refitted model are slight, and, in some cases, there is an overlapping. 5 

However, on industrial scale it is common practice to feed methanol reactors with syngas close to 6 

stoichiometric condition (optimal SN is 2.05 as investigated by Løvik and co-workers 86) and 7 

excess of H2 (2<H2/CO<3) with variable amount of CO2 (i.e. variable COR) 87 according to the 8 

installed syngas generation technology. This means that the most common case in an industrial 9 

plant is represented by biosyngas and petro-syngas feedstocks as reported in the literature case 10 

studies 101,119,120 and real methanol industrial plants data 30,31. However, CO2/H2 mixtures as 11 

feedstocks for methanol synthesis are under investigation and they becoming more and more 12 

appealing for sustainability and environmental impact reasons 55,121–124 despite Carbon Capture 13 

Utilization and Sequestration (CCUS) still represents a relevant cost item in industrial plants as 14 

recently reported by the IEA 70. 15 

Following from these considerations, Figure 23Figure 23 depicts the reaction rates for CO2 and CO 16 

hydrogenations, and RWGS using bio-syngas as feedstock. Since VBF’s model does not consider 17 

CO-to-methanol reaction, this reaction profile is missing in the corresponding charts. Once again 18 

it must be stressed that refit procedure has partially modified the original Graaf’s model pushing 19 

this one towards the VBF model’s profiles. This is clearly detectable in RWGS and CO2 direct 20 

hydrogenation rates profiles. For the first case the minimum trends are present also for the refit 21 

model whereas original Graaf model shows a decreasing linear profile. Moreover, according to 22 

VBF and refit model, the RWGS reaction is always shifted favouring CO2 and H2 production. 23 

Conversely, original Graaf’s model predict a completely different reactor behaviour: RWGS is 24 

effectively active in the first halve catalytic bed (i.e. equilibrium favours CO and steam 25 

production), while, an opposite trend is registered in the last part of the tubes where reaction rate 26 

becomes negative. Looking at CO2 hydrogenation rates, it is remarkable that proposed model tends 27 

to predict larger reaction rates and the shape profile along the reactor is more like the one provided 28 

by VBF’s kinetics. The reaction rates for CO2 and CO consumptions are very different: the original 29 

Graaf model shows a flat profile and reaction rates values, at least, are by one order of magnitude 30 
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lower meaning that this chemical path is not the preferential way to synthesize methanol. The flat 1 

profile is repeated also for increasing pressure; hence, CO2 direct hydrogenation is not even 2 

influenced by the pressure. In Graaf’s model CO-to-methanol is the main active chemical path. 3 

This last consideration is confirmed by reaction rates for the CO hydrogenation, where the refitted 4 

rates always lie below the original Graaf’s curves. In addition, the proposed model predicts that 5 

CO2 consumption rate is at least ten times the corresponding CO consumption reaction. Hence, the 6 

conclusion is that the proposed model still preserves the direct hydrogenation of CO as a feasible 7 

kinetic mechanism to produce methanol, however, it enables to also hydrogenate the CO2, while 8 

RGWS is responsible for CO/CO2 relative ration in the mixture. Since RWGS is always shifted 9 

towards the reactants, refit procedure has reasonably identified the CO2-to-methanol as the 10 

preferential chemical path to synthesize methanol. 11 

Finally, the comparison among refit and VBF model bring out some discrepancies: reactions are 12 

close to equilibrium (i.e. negligible rates) close to the tube exit, while, according to proposed 13 

model, there is still space to produce methanol. 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 
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 1 

Figure 23 - reaction rates in the methanol synthesis reactor at different pressures with bio-syngas 2 

feed composition as reported in Table 10Table 10 3 
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CONCLUSIONS 1 

In one century of bulk production, methanol became one of the most relevant molecules for our 2 

society. Many trends have been discussed in terms of process technologies, catalyst development, 3 

and ideal feedstocks, emphasizing the recent excitement around this compound. Nevertheless, few 4 

enhancements only have been proposed in kinetic models and kinetic parameters. Despite there is 5 

still a lack of understanding in the relevance of kinetic paths (from CO and/or CO2) in methanol 6 

synthesis, the existing models proposed by Graaf et al. and Vanden Bussche and Froment 7 

reasonably suit for the purpose of predicting reactant conversion and methanol production. In any 8 

case, the present work is aimed at updating, or better still refitting, the original Graaf model to 9 

improve the accuracy of the methanol synthesis on CZA catalyst even in presence of slight 10 

differences in the catalyst preparation and/or formulation. 11 

This work reflects the effect that the change in process operating conditions of the methanol 12 

synthesis process has on the prediction accuracy of the most popular kinetic models. It was shown 13 

how by means of refitting the kinetic parameters of the classical models on datasets more 14 

representative of current operating conditions better predictions could be achieved. The most used 15 

Graaf and VBF models are demonstrated to be reasonably good to describe methanol synthesis 16 

rate. Nevertheless, they suffer from unreliable predictions in some operating ranges characterized 17 

by middle-low pressure and peculiar feed compositions which are not unrealistic in the next future 18 

125,126. The parameters refit enables to mitigate shortcomings related to the current industrial 19 

kinetics: from one side, the original Graaf model underestimates the methanol production, instead, 20 

VBF model overestimate the methanol amount in the product mixture. The proposed refitted model 21 

is more in general a trade-off of the two even though it has been shown that it exhibits more 22 

features loaned from the VBF kinetics.  23 

It was proven that the Graaf prediction error could be greatly improved upon by means of robust 24 

refitting of its parameters and the validity range can be extended. Nonlinear regression coupled 25 

with outlier detection algorithm applied on a large-varied dataset is a suitable method for numerical 26 

refit of kinetic parameters to account for recent trends in industrial methanol synthesis and possible 27 

future developments such as recent interest in CO2 as a feedstock. Furthermore, the analysis have 28 

been proven that the refitted model does not suffer any abnormal predictions or incoherent 29 

predictions, hence, the refitting procedure has been successfully accomplished. Finally, authors 30 



 48 

would remark that the data analytics is not a common practice in chemical engineering and it has 1 

not been adopted in the most recent attempts of kinetics refit. Hence, the proposed procedure, 2 

which has been applied on the original Graaf model, is a powerful and general framework that 3 

could be applied also to any kind of kinetic model which needs coefficients updating. 4 

 5 

Acknowledgments 6 

Authors gratefully acknowledge the invaluable support of Ing. Martina Cauteruccio and Ing. 7 

Veronica Gallo for their works during the M.Sc. Thesis Project. 8 

 9 

 10 

SYNOPSIS (GRAPHIL ABSTRACT) 11 

 12 

 13 

 14 



 49 

ASSOCIATED CONTENT 1 

APPENDIX A 2 

 3 
Table A1 - General form of kinetic rates in Graaf model 4 

Reactions Reaction rates 

CO2 + 3H2 → CH3OH + H2O 

rCO2/MeOH =  

k1KCO2
(fCO2

fH2

3
2  −

fMeOH fH2O

fH2

3
2KeqCO2

)

DEN
 

CO2 + H2 → CO + H2O 
rRWGS =

k2KCO2
(fCO2

fH2
 −

fH2OfCO

KeqRWGS
)

DEN
 

CO + 2H2 → CH3OH 

rCO/MeOH =

k3KCO (fCOfH2

3
2  −

fMeOH

fH2

1
2KeqCO

)

DEN
 

DEN = (1 + KCOfCO + KCO2
fCO2

)(fH2
 1/2  +  (KH2O/KH2

1/2)fH2O) 

 

 

Table A2 - Comparison of refitted kinetic constants and adsorption constants in Graaf model  

 5 

Parameters Graaf 98 Proposed Model 

k1 
1.09 ∙ 105 e− 

87500
RT  9.205 ∙ 101 e− 

45889
RT  

k2 
9.64 ∙ 1011 e− 

152900
RT  4.241 ∙ 1013 e− 

149856
RT  

k3 
4.89 ∙ 107 e− 

113000
RT  2.240 ∙ 107 e− 

106729
RT  

KCO2
 

7.05 ∙ 10−7 e 
61700

RT  1.540 ∙ 10−3 e 
14936

RT  

KCO 
2.16 ∙ 10−5 e 

46800
RT  8.206 ∙ 10−9 e 

76594
RT  

K
H2O/KH2

1/2 
6.37 ∙ 10−9 e 

84000
RT  3.818 ∙ 10−9 e 

97350
RT  

 6 

 7 
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APPENDIX B 1 

The experimental data are grouped according to the source. The case identification number is the 2 

same provided in the results section of the article. The relative error is calculated as: 3 

ϵrel
Model = 1 −

Xmodel

Xexp−data
 4 

Stoichiometric Number (SN) and Carbon Oxides Ratio (COR) definitions are reported: 5 

SN =
yH2 − yCO2

yCO + yCO2

 (4) 

COR =
yCO2

yCO + yCO2

 (5) 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 
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𝐂𝐚𝐬𝐞 𝐓 [°𝐂] 𝐏 [𝐛𝐚𝐫] 

Flow in 

[mol/s] 
𝐂𝐎𝐑 𝐒𝐍 𝛆𝐫𝐞𝐥

𝐑𝐞𝐟𝐢𝐭 

[%] 
𝛆𝐫𝐞𝐥

𝐆𝐫𝐚𝐚𝐟 

[%] 
𝛆𝐫𝐞𝐥

𝐕𝐁𝐅 

[%] 

P
a

rk
 8

0
 

1 250 50 9.92E-05 0.37 1.97 -8.95 -67.90 26.47 
2 270 50 9.92E-05 0.37 1.97 12.17 -25.37 14.28 
3 300 50 9.92E-05 0.37 1.97 3.57 3.49 -4.29 
4 320 50 9.92E-05 0.37 1.97 -2.52 -2.52 -9.21 
5 340 50 9.92E-05 0.37 1.97 -12.66 -12.66 -17.53 
6 250 50 3.97E-05 0.37 1.97 3.85 -48.08 2.40 
7 250 50 9.92E-05 0.37 1.97 -7.23 -67.29 28.86 
8 250 50 0.000149 0.37 1.97 -16.26 -72.50 37.62 
9 250 50 0.000198 0.37 1.97 -22.57 -75.40 39.42 
10 250 50 3.97E-05 0.37 1.97 6.13 -46.94 4.65 
11 250 70 3.97E-05 0.37 1.97 8.08 -40.96 3.22 
12 250 90 3.97E-05 0.37 1.97 10.02 -34.04 3.10 
13 250 50 3.97E-05 1.00 2.00 7.21 1.60 -20.77 
14 250 50 3.97E-05 0.59 1.96 3.16 -36.68 1.34 
15 250 50 3.97E-05 0.39 2.00 5.24 -44.79 3.03 
16 250 50 3.97E-05 0.24 2.03 12.36 -45.42 10.49 
17 250 50 3.97E-05 0.16 1.94 13.37 -46.81 14.18 
18 250 50 3.97E-05 0.10 2.03 6.16 -46.73 13.01 
19 250 50 3.97E-05 0.07 2.07 1.93 -44.57 16.24 
20 250 50 3.97E-05 0.06 2.00 15.47 -37.69 33.06 
21 250 50 3.97E-05 0.00 1.97 -1.70 9.36 -100.00 
22 250 50 3.97E-05 0.36 2.04 -2.89 -49.95 -5.00 
23 250 50 3.97E-05 0.36 2.44 3.44 -43.06 0.75 
24 250 50 3.97E-05 0.35 3.50 9.06 -31.49 5.33 
25 250 50 3.97E-05 0.36 5.57 5.86 -19.15 0.88 
26 250 50 3.97E-05 0.37 1.97 2.54 -48.73 1.11 
27 250 50 3.97E-05 0.36 1.91 5.40 -38.25 -0.04 
28 250 70 3.97E-05 0.36 1.91 1.72 -37.27 -5.09 
29 250 70 3.97E-05 0.37 1.97 -1.18 -46.02 -5.63 
30 250 70 3.97E-05 1.00 2.00 -2.57 -10.22 -40.33 
31 250 70 3.97E-05 0.39 2.00 9.24 -37.76 4.10 
32 250 70 3.97E-05 0.24 2.03 18.10 -38.52 9.64 
33 250 70 3.97E-05 0.10 2.03 14.54 -40.60 9.78 
34 250 70 3.97E-05 0.06 2.00 15.58 -38.59 15.04 
35 250 70 3.97E-05 0.00 1.97 1.71 -0.59 -100.00 
36 270 70 3.97E-05 1.00 2.00 5.97 5.98 -13.87 
37 270 70 3.97E-05 0.39 2.00 16.03 10.47 6.34 
38 270 70 3.97E-05 0.24 2.03 18.35 11.77 8.44 
39 270 70 3.97E-05 0.10 2.03 22.30 15.38 12.25 
40 270 70 3.97E-05 0.06 2.00 19.35 12.85 10.15 
41 270 70 3.97E-05 0.00 1.97 19.24 22.62 -100.00 
42 250 50 3.97E-05 1.00 2.00 -7.44 -12.29 -31.60 
43 250 50 3.97E-05 1.00 2.41 3.93 -2.31 -24.01 
44 250 50 3.97E-05 1.00 3.71 1.69 -4.81 -25.75 
45 250 50 3.97E-05 1.00 6.17 -2.66 -8.01 -27.75 
46 250 60 3.97E-05 1.00 2.00 -1.76 -8.63 -34.10 
47 250 60 3.97E-05 1.00 2.41 3.26 -4.52 -31.69 
48 250 60 3.97E-05 1.00 3.71 4.30 -3.53 -31.34 
49 250 60 3.97E-05 1.00 6.17 -3.16 -8.89 -35.05 
50 250 70 3.97E-05 1.00 2.00 -1.45 -9.20 -39.65 
51 250 70 3.97E-05 1.00 2.41 3.56 -4.98 -37.62 
52 250 70 3.97E-05 1.00 3.71 9.94 1.21 -34.28 
53 250 70 3.97E-05 1.00 6.17 0.58 -5.30 -38.59 
54 250 80 3.97E-05 0.42 4.75 6.65 -6.56 -0.32 
55 260 80 3.97E-05 0.42 4.75 3.77 1.87 -3.43 
56 270 80 3.97E-05 0.42 4.75 -1.03 -1.10 -8.59 
57 270 80 4.96E-05 0.42 4.75 4.56 4.19 -3.42 
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58 230 50 9.92E-05 0.37 1.97 -40.58 -85.62 6.77 
59 240 50 9.92E-05 0.37 1.97 -29.49 -80.37 16.59 
60 250 50 9.92E-05 0.37 1.97 -12.57 -69.18 21.44 
61 260 50 9.92E-05 0.37 1.97 2.87 -50.61 19.06 
62 270 50 9.92E-05 0.37 1.97 15.06 -23.44 17.24 
63 280 50 9.92E-05 0.37 1.97 12.74 -2.96 7.40 

64 290 50 9.92E-05 0.37 1.97 4.31 1.68 -3.17 

65 300 50 9.92E-05 0.37 1.97 6.90 6.81 -1.22 

66 310 50 9.92E-05 0.37 1.97 13.63 13.63 5.31 

67 320 50 9.92E-05 0.37 1.97 14.84 14.84 6.96 

68 340 50 9.92E-05 0.37 1.97 -26.41 -26.41 -30.51 

69 230 50 9.92E-05 0.35 4.53 -35.26 -81.31 -34.68 

70 240 50 9.92E-05 0.35 4.53 -22.40 -72.94 -18.64 

71 250 50 9.92E-05 0.35 4.53 -4.48 -56.11 -0.14 

72 260 50 9.92E-05 0.35 4.53 4.29 -34.22 5.52 

73 270 50 9.92E-05 0.35 4.53 8.46 -10.15 5.75 

74 280 50 9.92E-05 0.35 4.53 10.46 6.34 4.89 

75 290 50 9.92E-05 0.35 4.53 8.20 8.20 1.38 

76 300 50 9.92E-05 0.35 4.53 8.25 8.30 1.11 

77 230 50 3.97E-05 0.37 1.97 -20.30 -78.30 12.66 

78 240 50 3.97E-05 0.37 1.97 -1.31 -65.64 12.04 

79 250 50 3.97E-05 0.37 1.97 8.47 -45.77 6.95 

80 270 50 3.97E-05 0.37 1.97 10.19 0.72 1.96 

81 230 50 3.97E-05 0.35 4.53 -11.91 -68.67 -16.51 

82 240 50 3.97E-05 0.35 4.53 2.55 -50.01 -1.16 

83 250 50 3.97E-05 0.35 4.53 6.91 -25.56 2.44 

84 260 50 3.97E-05 0.35 4.53 4.98 -5.96 -0.50 

85 270 50 3.97E-05 0.35 4.53 7.10 5.50 0.75 

86 280 50 3.97E-05 0.35 4.53 0.44 0.39 -5.95 

87 290 50 3.97E-05 0.35 4.53 -8.19 -8.19 -14.23 

88 300 50 3.97E-05 0.35 4.53 -17.85 -17.85 -23.27 

89 250 70 9.92E-05 0.36 2.04 -2.53 -63.99 19.99 

90 220 70 9.92E-05 0.36 2.04 -41.16 -84.77 -11.51 

91 230 70 9.92E-05 0.36 2.04 -45.61 -85.69 -17.07 

92 240 70 9.92E-05 0.36 2.04 -26.01 -78.10 5.64 

93 250 70 9.92E-05 0.36 2.04 0.70 -62.79 23.97 

94 260 70 9.92E-05 0.36 2.04 16.17 -41.85 22.80 

95 270 70 9.92E-05 0.36 2.04 24.75 -13.69 20.15 

96 280 70 9.92E-05 0.36 2.04 31.97 16.47 22.08 

97 300 70 9.92E-05 0.36 2.04 20.89 20.81 10.09 

98 250 70 9.92E-05 0.36 2.04 0.50 -62.87 23.72 

99 300 70 9.92E-05 0.36 2.04 22.18 22.09 11.27 

100 250 70 9.92E-05 0.36 2.04 -1.41 -63.57 21.37 

101 250 50 9.92E-05 0.36 2.04 -8.22 -67.15 24.89 

102 250 70 9.92E-05 0.36 2.04 9.50 -59.54 34.80 

103 250 90 9.92E-05 0.36 2.04 21.41 -52.68 37.99 

104 250 50 9.92E-05 1.00 2.00 2.32 -19.18 -23.90 

105 250 50 9.92E-05 0.59 1.96 5.42 -52.04 31.81 

106 250 50 9.92E-05 0.39 2.00 9.19 -59.99 47.57 

107 250 50 9.92E-05 0.24 2.03 -9.79 -69.23 29.01 

108 250 50 9.92E-05 0.10 2.03 -10.01 -63.73 46.09 

109 250 50 9.92E-05 0.06 2.00 -23.26 -64.09 27.08 

110 250 50 9.92E-05 0.00 1.97 -36.06 -28.91 -100.00 

111 250 50 3.97E-05 0.36 2.04 3.51 -46.66 1.26 

112 250 50 3.97E-05 0.35 3.50 -0.87 -37.73 -4.25 

113 250 50 3.97E-05 0.36 5.57 -3.11 -26.01 -7.67 

114 250 50 9.92E-05 0.36 2.04 19.74 -57.14 62.94 

115 250 50 9.92E-05 0.36 2.44 23.80 -53.29 59.68 

116 250 50 9.92E-05 0.35 3.50 21.62 -48.99 39.61 



 53 

117 250 50 9.92E-05 0.35 4.35 22.87 -43.95 31.15 

118 250 50 9.92E-05 0.36 5.57 26.60 -36.00 25.48 

 1 

 
𝐂𝐚𝐬𝐞 𝐓 [°𝐂] 𝐏 [𝐛𝐚𝐫] 

Flow in 
[mol/s] 

𝐂𝐎𝐑 𝐒𝐍 
𝛆𝐫𝐞𝐥

𝐑𝐞𝐟𝐢𝐭 

[%] 
𝛆𝐫𝐞𝐥

𝐆𝐫𝐚𝐚𝐟 

[%] 
𝛆𝐫𝐞𝐥

𝐕𝐁𝐅 
[%] 

in
-h

o
u

s
e
 e

x
p

 d
a

ta
, 

P
re

v
it

a
li

 4
9
 

 

119 240.15 20 3.84E-05 0.20 2.41 -89.55 -37.84 8.13 
120 260.15 20 3.84E-05 0.20 2.41 -3.67 -5.96 -8.99 
121 240.15 20 3.85E-05 1.00 2.49 3.05 26.15 -3.25 
122 260.15 20 3.85E-05 1.00 2.49 -18.85 -16.15 -24.15 
123 240.15 20 3.84E-05 0.00 2.00 65.93 181.50 -100.00 
124 260.15 20 3.84E-05 0.00 2.00 -12.64 9.86 -100.00 
125 240.15 20 3.84E-05 0.00 2.01 75.60 195.28 -100.00 
126 260.15 20 3.47E-05 1.00 2.01 -51.90 -50.97 -55.18 
127 260.15 20 3.85E-05 0.00 2.00 12.98 38.07 -100.00 
128 240.15 20 3.85E-05 0.20 2.39 42.62 -17.45 39.83 
129 260.15 20 3.85E-05 0.20 2.39 13.63 11.32 7.33 
130 240.15 20 3.85E-05 1.00 2.49 -21.88 -4.40 -26.66 
131 260.15 20 3.85E-05 1.00 2.49 -44.64 -42.88 -48.26 
132 240.15 20 3.85E-05 0.00 2.00 29.09 117.27 -100.00 
133 260.15 20 3.85E-05 0.00 2.00 -1.62 21.08 -100.00 

 2 

 𝐂𝐚𝐬𝐞 𝐓 [°𝐂] 𝐏 [𝐛𝐚𝐫] Flow in 
[mol/s] 𝐂𝐎𝐑 𝐒𝐍 𝛆𝐫𝐞𝐥

𝐑𝐞𝐟𝐢𝐭 
[%] 

𝛆𝐫𝐞𝐥
𝐆𝐫𝐚𝐚𝐟 
[%] 

𝛆𝐫𝐞𝐥
𝐕𝐁𝐅 

[%] 

G
ra

a
f 

9
5
 

 

134 210.5 20 0.000167 0.15 5.34 15.94 -80.35 38.33 
135 210.5 20 0.000223 0.15 5.34 17.31 -80.63 43.11 
136 210.5 20 0.000339 0.15 5.34 20.47 -80.75 52.26 
137 226.3 20 0.000177 0.15 5.34 -3.37 -72.43 41.07 
138 226.3 20 0.000235 0.15 5.34 -1.31 -72.79 52.83 
139 226.3 20 0.000256 0.15 5.34 -3.79 -73.70 51.38 
140 226.3 20 0.000318 0.15 5.34 -0.40 -73.29 62.80 
141 226.3 20 0.000355 0.15 5.34 -4.26 -74.54 59.24 
142 226.3 20 0.000378 0.15 5.34 -5.74 -75.05 58.35 
143 243.7 20 0.000175 0.15 5.34 -21.16 -53.48 12.89 
144 243.7 20 0.000278 0.15 5.34 -32.02 -62.27 15.97 
145 243.7 20 0.000339 0.15 5.34 -32.89 -63.46 22.49 
146 259.4 20 0.000205 0.15 5.34 -25.35 -28.47 -3.84 
147 259.4 20 0.000324 0.15 5.34 -37.81 -40.88 -1.36 
148 259.4 20 0.000387 0.15 5.34 -42.89 -45.86 -1.93 
149 259.4 20 0.000558 0.15 5.34 -47.91 -50.91 4.10 

150 259.4 20 0.000559 0.15 5.34 -44.09 -47.31 11.78 

151 259.4 20 0.000867 0.15 5.34 -48.95 -52.24 18.76 

152 259.4 20 0.001205 0.15 5.34 -51.95 -55.30 22.57 

153 274.8 20 0.000357 0.15 5.34 -28.09 -14.06 -7.92 

154 274.8 20 0.000576 0.15 5.34 -42.31 -25.05 -8.03 

155 274.8 20 0.000925 0.15 5.34 -50.98 -32.43 -3.86 

156 274.8 20 0.001108 0.15 5.34 -50.98 -31.31 3.14 

157 274.8 20 0.001430 0.15 5.34 -57.20 -38.94 -1.59 

158 274.8 20 0.001527 0.15 5.34 -55.02 -35.59 5.59 

159 274.8 20 0.001866 0.15 5.34 -56.18 -36.64 9.17 

 3 

 4 

 5 

 6 
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APPENDIX C 1 

The main classification systems of patents are the International Patent Classification (IPC), 2 

adopted in more than 100 Patent Offices, and the Cooperative Patent Classification (CPC), 3 

managed by the European Patent Office (EPO) and United States Patent and Trademark Office 4 

(USPTO). They consist of eight and nine sections, respectively, which are further subdivided into 5 

classes, subclasses, groups, and subgroups defined by the different Patent Institution. The list of 6 

relevant PC/CPC subgroups is reported in Table C 1Table C 1. 7 

Each of the listed subgroups has been properly combined as specified in Table C 2Table C 2, to retrieve the 8 

corresponding and relevant patent documents. The search strategy is reported in Table C 3Table C 3. 9 

 10 

-  11 

Table C 1 - List of main IPC/CPC subgroups for the industrial methanol synthesis 12 

Subgroup Definition 

C07C 31/04 (IPC/CPC) Methanol 

C07C 29/15 (IPC/CPC) Preparation of alcohols - by reduction of oxides of carbon exclusively 

C07C 29/151 (IPC/CPC) Preparation of alcohols - by reduction of oxides of carbon exclusively - with 

hydrogen or hydrogen-containing gases 

C07C 29/1512 (CPC) Preparation of alcohols by reduction of oxides of carbon exclusively - with 

hydrogen or hydrogen-containing gases – characterized by reaction 

conditions 

C07C 29/1514 (CPC) Preparation of alcohols by reduction of oxides of carbon exclusively - with 

hydrogen or hydrogen-containing gases – characterized by reaction conditions 

– the solvents being characteristic 

C07C 29/1516 (CPC) Preparation of alcohols by reduction of oxides of carbon exclusively - with 

hydrogen or hydrogen-containing gases – Multi steps  

C07C 29/1518 (CPC) Preparation of alcohols by reduction of oxides of carbon exclusively with 

hydrogen or hydrogen-containing gases – Multi steps – one step being the 

formation of initial mixture of carbon oxides and hydrogen for synthesis 

C07C 29/152 (IPC/CPC) Preparation of alcohols by reduction of oxides of carbon exclusively with 

hydrogen or hydrogen-containing gases – characterized by the reactor used 

C07C 29/153 (IPC/CPC) Preparation of alcohols by reduction of oxides of carbon exclusively with 

hydrogen or hydrogen-containing gases – characterized by the catalysts used  

C07C 29/154 (IPC/CPC) Preparation of alcohols by reduction of oxides of carbon exclusively with 

hydrogen or hydrogen-containing gases – characterized by the catalysts used – 

containing copper, silver, gold, or compounds thereof 
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C07C 29/156 (IPC/CPC) Preparation of alcohols by reduction of oxides of carbon exclusively with 

hydrogen or hydrogen-containing gases – characterized by the catalysts used – 

containing iron group metals, platinum group metals, or compounds 

thereof 

C07C 29/157 (IPC/CPC) Preparation of alcohols by reduction of oxides of carbon exclusively with 

hydrogen or hydrogen-containing gases – characterized by the catalysts used – 

containing iron group metals, platinum group metals or compounds thereof - 

containing platinum group metals or compounds thereof 

C07C 29/158 (IPC/CPC) Preparation of alcohols by reduction of oxides of carbon exclusively with 

hydrogen or hydrogen-containing gases – characterized by the catalysts used – 

containing iron group metals, platinum group metals or compounds thereof - 

containing platinum group metals or compounds thereof - containing rhodium 

or compounds thereof 

C07C 29/159 (IPC/CPC) Preparation of alcohols by reduction of oxides of carbon exclusively with 

hydrogen or hydrogen-containing gases – with reducing agents other than 

hydrogen or hydrogen-containing gases 

C07F 1/08 (IPC/CPC) Copper compunds 

C07F 3/06 (IPC/CPC) Zinc compounds 

C07F 5/06(IPC/CPC) Aluminium compounds 

C01F 7/02 (IPC/CPC) Aluminum oxide, aluminum hydroxide, aluminates 

B01J 21/04 (IPC/CPC) Catalysts comprising the elements, oxides, or hydroxides of magnesium, boron, 

aluminum, carbon, silicon, titanium, zirconium, or hafnium - Boron or 

aluminum; Oxides or hydroxides thereof – Alumina 

B01J 23/72 (IPC/CPC) Catalysts comprising metals or metal oxides or hydroxides – of the iron group 

metals or copper – copper 

B01J 23/80 (IPC/CPC) Catalysts comprising metals or metal oxides or hydroxides – of the iron group 

metals or copper – combined with metals, oxides or hydroxides – with zinc, 

cadmium or mercury 

C01B 32/50 (IPC/CPC) Carbon dioxide 

C07B 61/00 (IPC/CPC) Other general methods 

B01J 31/1691 (CPC) Metal-organic frameworks (MOF) 

 1 

Table C 2 - Combination of classification symbols 2 

Objective Combination of classification symbols  
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Preparation of methanol 

starting from syngas 

{[C07C 31/04 AND (C07C 29/15 OR C07C 29/151 OR C07C 29/1512 OR 

C07C 29/1514 OR C07C 29/1516 OR C7C 29/1518 OR C07C 29/152 OR 

C07C 29/153 OR C07C 29/154 OR C07C 29/1518]} 

Preparation of methanol with 

CO2 

{[C07C 31/04 AND (C07C 29/151 OR C07C 29/152 OR C07C 29/154 OR 

C07C 29/159) AND C07B61/00]} 

CZA catalyst {[C07F 1/08 AND C07F 3/06 AND (C07F 5/06 OR C01F 7/02)] OR [B01J 

21/04 AND  B01J 23/72 AND B01J 23/80]} 

 1 

 2 

Table C 3 - Search query results 3 

Query No. Results Search query 

1 11782 (C07F-005/06 OR C01F-007/02)/IPC 

2 624 (C07F-001/08 AND C07F-003/06)/IPC 

3 62 1 AND 2 

4 98 (B01J-021/04 AND B01J-023/72 AND B01J-023/80)/IPC 

5 160 3 OR 4 

6 183 (CU_ZN_AL_2_O_3)/TI/AB/CLMS/ICLM/DESC/ODES 

7 161 (CU W ZN W AL W "2" W O W "3")/TI/AB/CLMS/ICLM/DESC/ODES 

8 342 5 OR 6 OR 7 

9 4605 (C07C-029/151 OR C07C-029/152 OR C07C-029/153 OR C07C-029/154 

OR C07C-029/156 OR C07C-029/157)/IPC 

10 3051 (C07C-029/151 OR C07C-029/1512 OR C07C-029/1514 OR C07C-029/1516 OR 

C07C-029/1518 OR C07C-029/152 OR C07C-029/153 OR C07C-029/154 OR C07C-

029/156 OR C07C-029/157)/CPC 

 

11 4851 9 OR 10 

12 5407 (C07C-031/04)/IPC/CPC 

13 320790 (METHANOL OR "CH3OH" OR ("C" W "H" W "3" W "O" W 

"H"))/TI/AB/CLMS/ICLM 

14 3766 11 NOT "CO2" 

15 3766 14 NOT "CARBON DIOXIDE" 

16 2522 ( 12 OR  13) AND  15 

17 1085 11 NOT 15 

18 1508 ("CO2" OR "CARBON DIOXIDE" OR ("C" W "O" W 

"2"))/TI/AB/CLMS/ICLM AND (C07B-061/00)/IPC/CPC 
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19 2503 17 OR 18 

20 5523 (C07C-029/15+)/IPC/CPC 

21 849 (METHANOL AND (CZA OR (COPPER_ZINC_ALUMINA) OR ("CU" W 

"ZN" W "AL" W "2" W "O" W "3")))/TI/AB/CLMS/ICLM/DESC/ODES 

22 1068 8 OR 21 

23 1147 (B01J-031/1691)/CPC 

24 136 20 AND (COAL GASIFICATION) 

25 262 20 AND (BIOMASS?) 

26 276 20 AND (STEAM REFORMING) 

27 257 20 AND (PARTIAL OXIDATION) 

28 10 20 AND (SHALE OIL) 

29 88 20 AND (AUTOTHERMAL) 

30 893 (C07C-029/154)/IPC/CPC 

31 868 30 NOT SILVER 

32 854 31 NOT GOLD 

33 1865 32 OR 22 

34 893 33 AND 20 

35 824 (C07C-029/156)/IPC/CPC 

36 359 (C07C-029/157)/IPC/CPC 

37 384 (C07C-029/158)/IPC/CPC 

38 789 35 NOT PLATINUM 

39 30009 ("MOF" OR 

METAL_ORGANIC_FRAMEWORK)/TI/AB/CLMS/DESC/ODES/ICLM 

40 39 20 AND ( 23 OR  39) 

 1 
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