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ABSTRACT: CO2 hydrogenation to methanol via the reverse water gas shift (the CAMERE 

process) is an alternative way for methanol synthesis. High operating temperatures (600-800°C) 

are required for the reverse water gas shift (RWGS) process due to the thermodynamic limit. In 

this study, moderate temperatures (200 ‒ 300°C) were used for the RWGS part in the CAMERE 

process by the application of in situ water removal (ISWR). Thermodynamic analyses were 

conducted on this process using the Gibbs free energy minimization method. The analyses show 

that by using ISWR with high water removal fractions (e.g., 0.80 ‒ 0.99) the CO2 conversion of 

the RWGS part can be significantly improved at moderate operating temperatures. The one-step 

CO2 hydrogenation to methanol (CTM) with ISWR was also investigated which resulted in similar 

methanol yields. Both processes showed a high potential and ability to promote CO2 hydrogenation 

to methanol through the use of ISWR. 
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1．Introduction 

Carbon capture, utilization, and storage are the major strategies to reduce global CO2 emissions1. 

The use of carbon dioxide involves the conversion of CO2 into valuable carbon-based 

intermediates or end products2. In particular, over the last two decades, there has been increasing 

interest in the direct hydrogenation of CO2 to oxygenated products, e.g., methanol (MeOH), 

dimethyl ether (DME), formic acid, and higher alcohols. 

Methanol is an important alternative transportation fuel and intermediate for several downstream 

products, e.g., acetic acid, formaldehyde, DME, olefins, gasoline, and biodiesel3. In addition, 

methanol can be used as a safe and efficient carrier for the storage and transportation of hydrogen4. 

Industrial methanol is mainly derived from syngas (CO is the main source of carbon) at pressures 

of 50‒100 bar and temperatures of 200‒300 ℃; additionally methanol is derived from the 

hydrogenation of CO and CO2 and reverse water‒gas shift (RWGS) reactions5: 

CO + 2H2 ↔ CH3OH                       ∆H298K = ‒ 91 kJ/mol                                                                  (1) 

CO2 + 3H2 ↔ CH3OH + H2O           ∆H298K = ‒ 49 kJ/mol                                                                      (2) 

CO2 + H2 ↔ CO + H2O                      ∆H298K = + 41 kJ/mol                                                                     (3) 

The one-pass conversion of COx (CO and CO2) to methanol is approximately 5‒15% in an 

industrial process of methanol production (in a fixed bed reactor, e.g., Lurgi type methanol reactor) 

6, and the recycling of the unconverted syngas is necessary, and a recycle ratio of 2‒5 is typically 

used for the gas phase process of methanol synthesis.  

Compared with the methanol synthesis process from syngas, the hydrogenation of CO2 or CO2-

rich feed gas (captured from coal-fired power plants, cement plants, and biogas) to methanol 

generates a larger amount of water byproduct (approximately 30‒40% water in crude methanol for 

the hydrogenation of pure CO2
7) which may promotes the deactivation of a conventional copper-
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based catalyst via different possible mechanisms8, e.g., inhibiting effect of water adsorption9-10, 

morphology changes and oxidation of the active copper-phase11. The water byproduct may also 

decrease possible coke deposition12 (on copper-based catalysts) which is not a major deactivation 

mechanism for a typical gas-phase methanol synthesis process. In addition, with respect to 

thermodynamics, the less active CO2 results in a lower conversion of COx per pass than that from 

the hydrogenation of syngas. Therefore, catalysts with higher stabilities and activities are required 

for the CO2 hydrogenation. The recent development of new catalysts and industrial demonstrations 

(e.g., a methanol plant in Iceland) was reviewed in the literature4,7,13.  

One method to improve the one-pass COx conversion for the hydrogenation of CO2 or CO2-rich 

feed gas is adding the RWGS process (reaction (3)) before a methanol synthesis reactor to convert 

part of the CO2 in the feed gas to CO; then, most of the water generated in the RWGS process can 

be removed before the methanol synthesis reactor. The additional RWGS process results in less 

water formation in the downstream methanol synthesis process and consequently decreases the 

detrimental effect of water on the catalyst for the methanol synthesis. This two-step process of 

CO2 hydrogenation to methanol via the reverse water gas shift was presented as the CAMERE 

process by Joo et al.14. The study of the CAMERE process showed an increase of up to 29% in 

methanol production compared to the process without an RWGS reactor. However, a possible 

disadvantage of this process is that the endothermic RWGS reaction requires a high operating 

temperature to achieve a high CO2 conversion due to the thermodynamic limit, and the high 

temperature (e.g., 600℃14) may increase the complexity of relevant heat integration and affect the 

total energy efficiency of the process. Anicic et al.15 compared the CAMERE process with the 

direct synthesis process of methanol from CO2 (including two methanol synthesis reactors); the 

results showed a lower (but not significantly lower) energy efficiency for the CAMERE process 
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due to the energy needed for the high-temperature RWGS reactor was supplied by natural gas. In 

addition, the high operating temperatures also raise the requirements for the reactor material.  

The application of in situ water removal (ISWR) is a possible way to lower the operating 

temperature for the RWGS reaction by shifting the thermodynamic equilibrium (according to Le 

Chatelier's principle), and enable the CAMERE process operated at moderate temperatures. The 

ISWR process can be achieved by applying membrane reactors and the sorption-enhanced reaction 

process16. The application of membrane reactors (MRs) with ISWR for different processes 

involving CO2 hydrogenation has been widely investigated, e.g., methanol synthesis6, 17‒20, DME 

synthesis21‒24 and methanation process25, and attractive potentials were shown in the improvement 

of CO2 conversion. Less attention has been separately paid to the RWGS process, but it is included 

as an important side reaction in the aforementioned processes with a system of 

CO/CO2/H2/H2O/fuel and zeolite membranes are suggested17, 20 for the reactor designs. Recently, 

Gorbe et al.20 investigated the permeation of CO2/H2/H2O mixtures using a zeolite A membrane 

for its application in the CO2 hydrogenation process to methanol. The experimental results 

revealed its promising performance in the water-gas separation under the conditions of 100–

270 kPa and 160–260 °C, which also indicates the potential of MRs for a moderate-temperature 

RWGS process.  

An alternative method involving ISWR is the sorption-enhanced reaction process (SERP), where 

H2O sorbents are added in a reactor to remove the produced water. Similarly, SERP has been 

investigated in different processes related to CO2 hydrogenation, e.g., methanol synthesis16, 26‒27, 

DME synthesis28, and methanation process21, 29. For the RWGS process, Carvill et al.30 conducted 

a bench-scale SERP testing at 250℃ and 115‒480 kPa. The experimental results showed a high 

CO2-to-CO conversion (36%) at the low operating temperature, under which the conversion should 
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be 9.8% for a conventional tube reactor without H2O sorbents. Jung et al.31 conducted experimental 

studies on an adsorptive RWGS reactor at different pressures (5 bar and 10 bar) and temperatures 

(225℃ and 250℃). The results showed a significantly increase (more than three times higher) of 

CO2-to-CO conversion by the application of SERP. Ghodhbene et al. 32 evaluated different zeolites 

(SOD, LTA-4A, and FAU-13X) for the RWGS process with in situ water removal at 250℃ and 

500 kPa. Significant improvement of the CO2-to-CO conversion was found under the investigated 

conditions; in particular, the CO production was increased by 60% by using FAU-13X.  

It should be noted that the applications of MRs and SERP to the system of CO/CO2/H2/H2O/fuel 

are still at research stage. Regarding the cost issues, there is still lack of cost evaluation for 

membrane reactor for the RWGS or methanol synthesis process. Comparing with a traditional 

reactor, the complexity for a membrane reactor may result in a higher cost whereas its smaller size 

reduce the equipment cost19. For the SERP process, it is possible to be realized by a periodic 

operation. A four-step periodic operation for a sorption-enhanced methanol synthesis process (SE-

MeOH) was developed at industrial scale with the considerations of the production cost27. The 

study resulted in an improvement of methanol yield (>7%) and decrease in production capacity 

(2%) with a competitive methanol production cost. From the viewpoint of energy efficiency, the 

application of ISWR (MRs and SERP) can provide higher conversions of CO2, which result in a 

much lower operating temperature for the RWGS process, or smaller recycling flow rate (i.e., 

lower energy requirement for recycling compressor) for the methanol synthesis process. For the 

RWGS process, the lower operating temperature indicate the decrease of energy loss from heat 

exchange process at high temperatures (e.g., 600℃) and may also decrease the difficulty for the 

heat integration with other part of the system. Atsonios et al. evaluated the energy requirement for 

a methanol production system from CO2 where a membrane reactor was used for the methanol 
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synthesis process. The results showed a lower power requirement compared with the condition 

using a traditional methanol reactor.  

As mentioned, the applications of in situ water removal via MRs and SERP showed good 

potential in improving the CO2 conversion for a moderate-temperature RWGS process. However, 

to the best of our knowledge, there have been no reports of the application of ISWR to the RWGS 

reactor in the CAMERE process. In the present study, thermodynamic analyses of the CAMERE 

process operated at moderate temperatures by the application of ISWR were conducted using the 

Gibbs free energy minimization method. The effects of the reaction conditions such as the 

temperature, pressure, feed gas composition (H2/CO2 and CO2/(CO+ CO2)) and H2O removal 

fraction (R) were investigated to further understand the applicability and feasibility of this process. 

Furthermore, the application of ISWR to the process of one-step CO2 hydrogenation to methanol 

synthesis (hereinafter referred to as CTM) was also considered to compare with the results of the 

moderate-temperature CAMERE process. 

2. Method 

Thermodynamic analysis can provide useful and further insights into the applicability of in situ 

water removal for the CAMERE process. The method of Gibbs free energy minimization is widely 

used to predict the thermodynamic equilibrium composition of a reactive system with a given feed 

composition and reaction conditions33. For the gas-phase reaction system in the CAMERE process 

using the Lagrange multiplier method, the Gibbs free energy minimization for the system can be 

expressed by the following equations considering each species in the gas phase and the total 

system34: 

∆𝐺𝐺𝑓𝑓𝑓𝑓
°𝑔𝑔 + 𝑅𝑅𝑅𝑅𝑙𝑙𝑛𝑛

𝑦𝑦𝑓𝑓𝜑𝜑�𝑓𝑓𝑃𝑃
𝑝𝑝° + �𝑎𝑎𝑓𝑓𝑖𝑖𝜆𝜆𝑖𝑖

𝑖𝑖

= 0                                                                                                    (1) 
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�𝑛𝑛𝑓𝑓 �∆𝐺𝐺𝑓𝑓𝑓𝑓
°𝑔𝑔 + 𝑅𝑅𝑅𝑅𝑙𝑙𝑛𝑛

𝑦𝑦𝑓𝑓𝜑𝜑�𝑓𝑓𝑃𝑃
𝑝𝑝° + �𝑎𝑎𝑓𝑓𝑖𝑖𝜆𝜆𝑖𝑖

𝑖𝑖

�
𝑁𝑁

𝑓𝑓=1

= 0                                                                                      (2) 

with the following constraint: 

�𝑛𝑛𝑓𝑓𝑎𝑎𝑓𝑓𝑖𝑖
𝑓𝑓

= 𝐴𝐴𝑖𝑖                                                                                                                                            (3) 

where ∆G°g
fi is the standard Gibbs free energy of formation of gaseous species i; yi is the mole 

fraction of species i; P and P° are the system pressure and standard state pressure (1 atm), 

respectively; 𝜑𝜑�𝑓𝑓 is the fugacity coefficient of species i; ni is the mole number of species i; λk is the 

Lagrange multiplier; aik is the number of atoms of the kth element in each molecule of gaseous 

species i; Ak is the total atomic mass of the kth element in the feed.  

Thermodynamic analysis was conducted using the Aspen Plus software. The predictive Soave–

Redlich–Kwong (PSRK) model was used as the equation of state. The CAMERE process including 

two parts (RWGS and methanol synthesis) are shown in Figure 1a. A flow rate of 1 kmol/s was 

set for COx (denote the sum of CO and CO2) in the feed stream. The conditions for the RWGS part 

were T = 200 ‒ 1000 °C, P = 1 ‒ 10 bar, H2/CO2 = 1 ‒ 8 and CO/(CO+CO2) = 0 ‒ 0.6 (in the feed 

gas), whereas typical operating conditions of T = 200 ‒ 300 °C and P = 30 ‒ 70 bar were considered 

for the methanol synthesis part. The main components in the system were H2, H2O, CO, CO2, and 

methanol. Methane is only included in section 3.1.1 as a byproduct; other possible byproducts for 

the methanol synthesis process such as DME, alcohols and paraffins were not considered.  

For the two parts in Figure 1a, the Gibbs reactors (RGibbs) were used, and thermodynamic 

equilibrium states were achieved under the investigated conditions. The ISWR process for each 

section was modeled by the method reported by Catarina Faria et al.25, where water in the system 

and generated in the Gibbs reactors was removed by a sequence of separators (see Figure 1b), and 

a global value of water removal fraction (R) was given by25: 
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𝑅𝑅 =
∑ 𝑛𝑛𝐻𝐻2𝑂𝑂,𝑖𝑖
𝑍𝑍
𝑖𝑖=1

∑ 𝑛𝑛𝐻𝐻2𝑂𝑂,𝑖𝑖
𝑍𝑍
𝑖𝑖=1 + 𝑛𝑛𝐻𝐻2𝑂𝑂,𝑍𝑍+1

                                                                                                                     (4) 

where 𝑛𝑛𝐻𝐻2𝑂𝑂,𝑖𝑖 is the mole flow rate of water removed from Separator k, and 𝑛𝑛𝐻𝐻2𝑂𝑂,𝑍𝑍+1 is the mole 

flow rate of water in stream 2 (see Figure 1b). A water removal fraction R can be achieved by 

adjusting the number of separators Z. For each separator, the split fraction (SF) of water is 

expressed as follows: 

𝑆𝑆𝑆𝑆𝑓𝑓 =
𝑛𝑛𝐻𝐻2𝑂𝑂,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑣𝑣𝑣𝑣𝑣𝑣

𝑛𝑛𝐻𝐻2𝑂𝑂,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑣𝑣𝑣𝑣𝑣𝑣 + 𝑛𝑛𝐻𝐻2𝑂𝑂,𝑟𝑟𝑜𝑜𝑜𝑜
                                                                                                                  (5) 

where 𝑛𝑛𝐻𝐻2𝑂𝑂,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑣𝑣𝑣𝑣𝑣𝑣 is the mole flow rate of H2O removed from separator i, and 𝑛𝑛𝐻𝐻2𝑂𝑂,𝑟𝑟𝑜𝑜𝑜𝑜 is the 

mole flow rate of H2O in the output stream of separator i. In the present study, SF1 = SF2 = … 

SF(Z−1) = 1 (i.e.,  𝑛𝑛𝐻𝐻2𝑂𝑂,𝑟𝑟𝑜𝑜𝑜𝑜 = 0 ) was established, and only SFZ was adjusted to achieve a certain R 

value. The calculated values of Z and SFZ for all the figures in this study are shown in Table S1‒

S6, Appendix A. In addition, ISWR was only applied to the RWGS part in the CAMERE process 

(ISWR was considered for the CTM process in section 3.3).  

 

Figure 1. Schemes of (a) the CAMERE process and (b) modular approach for in situ water removal. 
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As shown in Figure 1a, the conversion of CO2 for the RWGS (or CAMERE) process can be as 

follows: 

𝐶𝐶𝐶𝐶𝑂𝑂2 =
𝑛𝑛𝐶𝐶𝑂𝑂2,1 − 𝑛𝑛𝐶𝐶𝑂𝑂2,3(𝑟𝑟𝑟𝑟 4)

𝑛𝑛𝐶𝐶𝑂𝑂2,1
× 100%,                                                                                                      (6) 

and the methanol yield for the CAMERE (or CTM, Figure 10) process is: 

𝑌𝑌𝑀𝑀𝑟𝑟𝑂𝑂𝐻𝐻 =
𝑛𝑛𝑀𝑀𝑟𝑟𝑂𝑂𝐻𝐻,4(𝑟𝑟𝑟𝑟 3)

𝑛𝑛𝐶𝐶𝑂𝑂2,1+𝑛𝑛𝐶𝐶𝑂𝑂,1
× 100%                                                                                                              (7) 

where the sub index number 1, 3 or 4 represent the stream number in Figure 1a. In addition, only 

one-pass process was considered for the two parts in Figure 1a; the conditions with a recycle stream 

for the methanol synthesis process are introduced in section 3.2.3. 

3. Results and discussions 

3.1 In situ water removal for the RWGS process 

3.1.1 Effect of the temperature, pressure and water removal fraction R 

The thermodynamic analysis for the RWGS process was reported by Kaiser et al.35, and the 

equilibrium composition (dry gas) was presented in a large temperature range. Similar trends were 

obtained in the present study, and the equilibrium composition of water was included as an 

important component. Figure 2a presents the equilibrium composition for the RWGS reaction at T 

= 200 ‒ 1000 ℃, P = 1.0 bar and H2/CO2 = 3 (feed gas), and methane was also considered in the 

system. The results show that a high operating temperature was required to achieve a high CO2-

to-CO conversion, e.g., when T is 600℃, 700℃ and 800 ℃, the CO2-to-CO conversions are 31%, 

62% and 73%, respectively. At low temperatures, e.g., T = 200 ‒ 400 ℃, little CO is produced, 

whereas CH4 and H2O from the methanation reactions are the main products. However, the 

application of a copper-based catalyst can improve the CO2-to-CO conversion at low temperatures 

because little or no methane is formed in the system via a copper-based catalyst36. The equilibrium 
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composition and CO2-to-CO conversion without methane in the product are shown in Figure 2b at 

low temperatures (T = 200 ‒ 300 ℃). The results show higher CO content than those in Figure 2a. 

However, the CO2-to-CO conversions remain low in this temperature range, e.g., the CO2-to-CO 

conversion is 16% at 250℃.  

   

         (a)                                                                                             (b) 

Figure 2. Equilibrium composition for the RWGS reaction at P = 1.0 bar, H2/CO2 = 3 and (a) T = 200 ‒ 1000 ℃ 

with CH4 in the product and (b) T = 200 ‒ 300 ℃ without CH4 in the product. 

The operating pressure has no effect on the RWGS reaction because there is no change in volume 

between the reactants and products37. Low operating pressures were selected for the RWGS 

process in the present study because the methanol synthesis reactions (reaction (1) and (2)) are 

promoted at high pressures (e.g., P = 50 ‒ 70 bar for a conventional methanol synthesis process). 

The effect of the methanol synthesis reactions at low pressures was calculated at T = 250℃ and P 

= 1 ‒ 10 bar (similar to the pressure in the literature10, 31) and H2/CO2 = 3 (feed gas). The results 

(data not shown) of the equilibrium composition show little change with the increasing pressure, 

and a small amount of methanol was formed, e.g., MeOH% = 0.41 mol% with P = 10 bar and 

MeOH% = 0.11 mol% with P = 5 bar. In the following sections, P or P1 = 5 bar was selected for 

the RWGS process or the RWGS part for the CAMERE process in Figure 1a. It should be noted 
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that higher operating pressures may be used in industry with different considerations, e.g., for a 

smaller reactor size. 

With the in situ water removal by MRs or SERP, the CO2-to-CO conversions in Figure 2b can 

be further enhanced. The water removal fraction R was used to evaluate the extent of water 

removed from the system; In the work by Catarina Faria et al.25, the ranges of 0 < R < 0.99 and R 

≥ 0.99 were assumed for MRs and SERP, respectively. In the present study, the range of R = 0 ‒ 

0.99 was investigated for the RWGS process. Figure 3a illustrates the equilibrium CO2-to-CO 

conversion at different temperatures and R values. The conversion increased with an increase in 

R, and similar trends were found at different operating temperatures. The promotions are more 

obvious in high-R zones; for example, 𝐶𝐶𝐶𝐶𝑂𝑂2 = 77% was achieved with R = 0.99 and T = 250℃, 

and the operating temperature without ISWR (T0) must be more than 800℃ (dash line in Figure 

3) to achieve this conversion. This trend indicates that it is possible to operate the RWGS reactor 

at moderate temperatures by the application of ISWR, but a high R value is required, e.g., to 

achieve similar CO2 conversions from a conventional RWGS reactor in the CAMERE process, R 

> 0.80 (T = 250℃) is required for T0 = 600 ℃ values and R > 0.97 for T0 = 700 ℃. 

 The high requirement of the R value can be fulfilled by SERP according to the experimental 

studies in the literature30‒32, for the application of MRs experimental investigations are still 

required. In the following sections only the high values of R = 0.80 ‒ 0.99 were considered. In 

addition, the equilibrium composition for the RWGS process at 250℃ and different R values is 

shown in Figure 3b. A significant change of the equilibrium composition was also found for the 

high-R zone, e.g., CO% increased from 8% to 24% and CO2% decreased from 18% to 7% when R 

increased from 0.80 to 0.99. It should be noted that a lower CO2 content (CO2% < 7%) can be 

achieved when R is higher than 0.99, and attention should be paid to the influence of the low CO2 
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concentration on the subsequent methanol synthesis process. The promoting effect of a low CO2 

concentration (e.g., 2‒5 Vol%38) on the rate of methanol synthesis was reported in literatures39‒40, 

and the reaction rate was obviously reduced when CO2 was removed from the feed gas40. 

  

(a)                                                                                             (b) 

Figure 3. (a) Equilibrium CO2-to-CO conversion at different temperatures and R values. (b). The equilibrium 

composition for the RWGS process at 250℃ and different R values. 

3.1.2 Effect of the feed gas composition  

The design feed composition for the CAMERE process is at the stoichiometric molar ratio 

(H2/CO2 = 3); this ratio can vary in different conditions (e.g., feed gas from different sources and 

mixing with a possible gas recycle from downstream10). Figure 4a presents the equilibrium CO2-

to-CO conversion at 250 ℃, different R values and H2/CO2 ratios (in the feed gas). The condition 

without in situ water removal (R = 0) was included for comparison. The conversion values 

increased with an increase in H2/CO2 ratio, and these promotions were slightly lower for the 

conditions with high R values. For example, when the H2/CO2 ratio increased from 1 to 3, the 

conversion values increased by 70% (R = 0), 65% (R = 0.90) and 51% (R = 0.99). Also, a CO2-to-

CO conversion of 36% was reported under the condition of 250℃, 480 kPa and feed gas of 

CO2/H2=130, the corresponding R value can be evaluated as 0.9 ‒ 0.99 in Figure 4a. In addition, 
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the effect of CO in the feed gas was investigated. Figure 4b shows the CO2 conversion with 

different R values and CO/(CO+CO2) feed gas compositions. The stoichiometric ratio of (H2-

CO2)/(CO+CO2) = 2 was set for H2 in the feed gas. As a product, an increase in CO fraction in the 

feed gas shifted the equilibrium of the RWGS reaction to the reactant side. Therefore, an obvious 

decrease of the CO2-to-CO conversion was found with an increasing CO/(CO+CO2) ratio. This 

decrease trend is more obvious at low R values; however, for the condition of R = 0.99, the decrease 

trend of the conversion value is not significant due to the strong promotion by the in situ water 

removal. 

 

(a)                                                                                             (b) 

Figure 4. Equilibrium CO2-to-CO conversion at 250 ℃ and different R values, (a) H2/CO2 ratios and (b) ratios in 

the feed gas. 

3.2 In situ water removal for the CAMERE process 

3.2.1 Effect of the temperature, pressure and water removal fraction R 

As mentioned in section 3.1.1, the in situ water removal for the RWGS process significantly 

improved the CO2-to-CO conversion (at low operating temperatures). Then, the ISWR application 

was investigated for the CAMERE process where the MeOH synthesis part was added with typical 

operating conditions of T2 = 250 ℃ and P2 = 30 ‒ 70 bar. The effect of T1 for the RWGS process 
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was also considered with a range of T1 = 200 ‒ 300 ℃. The stoichiometric molar ratio of H2/CO2 

= 3 was set for the feed gas (stream 1 in Figure 1a). In addition, the product (stream 3 in Figure 

1a) after the RWGS process was cooled to 40 ℃ and passed through an ideal gas/liquid separator 

(not shown in Figure 1), and only the gas phase flowed into the methanol synthesis part.  

 

(a)                                                                                             (b) 

 

(c)                                                                                             (d) 

Figure 5. Equilibrium CO2 conversion (left column) and methanol yield (right column) for the CAMERE process 

at different T1 and R values (for the RWGS part) and P2 for the MeOH synthesis part. 



 16 

Figure 5 illustrates the equilibrium CO2 conversion and methanol yield for the CAMERE process 

at different T1 and R values (for the RWGS part) and P2 (for the MeOH synthesis part) due to 

their significant effect on the MeOH synthesis reactions41. The results show that the CO2 

conversion of the CAMERE process increases with increasing temperature T1, which is similar to 

the trend in Figure 3a for the RWGS process because the RWGS reaction favors high operating 

temperatures, and more CO generated from the RWGS reaction results in higher methanol yields 

as shown in Figures. 5b and 5d.  

Compared with the condition of R = 0, both CO2 conversion and methanol yield for the 

CAMERE process were obviously promoted by ISWR. For example, at T1 = 250℃ and P2 = 30 

bar, when R increased from 0 to 0.90, 𝐶𝐶𝐶𝐶𝑂𝑂2 increased from 26% to 43%, and YMeOH increased from 

13% to 21%. In particular, the condition with R = 0.99 resulted in significant promotions, with 

𝐶𝐶𝐶𝐶𝑂𝑂2= 77% and YMeOH = 34%. The increase in P2 promoted the CO2 conversion, and this trend is 

more obvious for the conditions with lower R values. At R = 0.99, the product gas from the RWGS 

part already contained a high level of CO (e.g., CO% is 75% at T1 = 250℃), and the CO2 

conversion very slightly changed with P2. For example, at T1 = 250℃, the 𝐶𝐶𝐶𝐶𝑂𝑂2values are 77% 

and 78% at P2 = 30 bar and 70 bar, respectively, which indicates that there is little promotion of 

the CO2 conversion by P2 when the CO content before the methanol synthesis part is high. In 

addition, the methanol yield was enhanced by higher P2 values under the investigated conditions 

due to the methanol synthesis reactions favors high pressures. Consequently, by using ISWR with 

high R value, a high methanol yield can be achieved at the moderate T1 values, e.g., YMeOH = 61% 

with T1 = 250℃, P2 = 70 bar and R = 0.99, which is much higher than those for the CTM process 

(e.g., YMeOH = 26% with T1 = 250℃ and P2 = 70 bar). The conditions with P2 = 50 bar were also 

calculated and shown in Figure S1, Appendix A. 
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(a)                                                                                             (b) 

Figure 6. Equilibrium (a) CO2 conversion and (b) methanol yield at T1 = 250℃, P2 = 50 bar and different T2 and 

R values. 

Besides the temperature for the RWGS part, the temperature for the MeOH synthesis part was 

also considered. Figure 6a presents the equilibrium CO2 conversions at different T2 and R values. 

With R = 0 ‒ 0.90, higher CO2 conversions were found at low temperatures because low 

temperature is favorable for the exothermic methanol synthesis reactions (reactions (1) and (2)). 

At high temperatures, the CO2 conversions were slightly enhanced by the RWGS reaction (reaction 

(3) occurred in the methanol synthesis reactor), which is consistent with the trends in the work by 

Stangeland et al. 41. The trend varies for R = 0.99, where the effect of T2 on the CO2 conversion is 

not obvious. This difference could be attributed to the high CO2 conversion and CO content (also 

mentioned in Figure 5) after the RWGS part (stream 3 in Figure 1a), and the more active CO 

component is the main reactant consumed in the MeOH synthesis part. In addition, the equilibrium 

methanol yield at different T2 and R values is shown in Figure 6b. The decrease in methanol yield 

with increasing T2 was found under all conditions due to the negative effect of high temperatures 

on the methanol reactions, which indicates that although the methanol yield can be promoted by 

high R values, the operating temperature for the MeOH synthesis significantly affects the methanol 
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yield, e.g., with R = 0.99, YMeOH decreased from 57% to 38% when T2 increased from 240℃ to 

270℃, which also indicates the importance of the T2 for the methanol synthesis process and the 

CAMERE process. 

3.2.2 Effect of the feed gas composition  

The effect of the H2/CO2 ratio in the feed gas (stream 1 in Figure 1a) was also investigated for 

the CAMERE process. The equilibrium CO2 conversion (data not shown) increased with the 

H2/CO2 ratio, which is very similar to that for the RWGS process in section 3.1.2. In addition, a 

higher H2/CO2 ratio can shift the equilibrium of the methanol synthesis reactions to the product 

side. Figure 7a presents the equilibrium methanol yield with different R values and H2/CO2 ratios 

in the feed gas. The methanol yield significantly increased with the increase in H2/CO2 ratio under 

the investigated conditions, and a high methanol yield was achieved with high R and H2/CO2 

values, e.g., YMeOH is 67% when R = 0.99 and H2/CO2 = 5. The effect of CO in the feed gas was 

also considered. Figure 7b shows the equilibrium methanol yield with different R values and 

CO/(CO+CO2) feed gas compositions for the CAMERE process. The stoichiometric ratio of (H2-

CO2)/(CO+CO2) = 2 was set for H2 in the feed gas. The higher CO content in the feed gas promoted 

the methanol synthesis process and consequently the methanol yield for the CAMERE process. 

The trend is more obvious at lower R values, e.g., with R = 0.80, YMeOH is 28% and 46% when 

CO/(CO+CO2) is 0 and 0.6, respectively. At high R values, the CO content after the RWGS part 

(section 3.1.2) was not significantly affected by the CO content in the feed gas, so there was less 

effect of the CO/(CO+CO2) ratio on the methanol yields. 
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      (a)                                                                                       (b) 

Figure 7. Equilibrium methanol yield at T1 = T2 = 250℃, P2 = 50 bar and different R values, (a) H2/CO2 ratios 

and (b) CO/(CO+CO2) ratios in the feed gas. 

3.2.3 Recycle ratio for the MeOH synthesis process 

 

Figure 8. Block scheme of the CAMERE process with ISWR and the recycle stream. 

A typical process of CO2 hydrogenation to methanol requires the recycling of the unconverted 

feed gas with certain recycle ratios (N, mole ratio of recycled stream/feed gas) due to the low one-

pass conversion of this process. A lower recycle ratio indicates a lower system load, e.g., a decrease 

in size of the reactor and recycle gas compressor results in a decrease in investment and energy 

consumption of the system. As shown in Figure 8, the components of methanol and water in stream 

4 were further condensed and separated through an ideal gas/liquid separator at T3 = 40 ℃ and P3 
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= 50 bar. A portion of the gas from the separator was purged, and the remainder returned to MeOH 

synthesis process as the recycle stream (stream 6). The amount of the purged gas was adjusted to 

achieve different N values. Figure 9 presents the equilibrium recycle ratios with different T2, P2 

and R values for the methanol synthesis in the CAMERE process. The recycle ratio N decreased 

with the decrease in T2 and increase in P2 under the investigated conditions. N decreased with 

increasing R, and this trend is more obvious at R = 0.99, e.g., at T2 = 250℃ and P2 = 50 bar, N is 

6.0 and 3.9 when R is 0 and 0.99, respectively. In addition, these results indicate that lower recycle 

ratios can be achieved in the CAMERE process than in a conventional CTM process (the N value 

is close to that with R = 0), and the recycle ratio can be further decreased by using ISWR with high 

R values.  

 

        (a)                                                                                       (b) 

Figure 9. Equilibrium recycle ratios at T1 = 250℃ and different R values, (a) T2 and (b) P2 for the MeOH synthesis 

part in the CAMERE process. 

3.3 In situ water removal for the CTM process 

In addition to the CAMERE process with ISWR in the above investigations, the application of 

ISWR to the MeOH synthesis process is also a potential method to improve the CO2 conversion 

for the CAMERE process42 or CTM process6, because water is one of the main products of reaction 
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(2). Although the thermodynamic analyses for the CTM process with ISWR have been reported in 

the literature6, 18, the effects of ISWR by using the water removal fraction (R) for the CTM process 

are presented in this study to further compare with the above results for the CAMERE process. 

The RWGS part was removed from the CAMERE process as shown in Figure 10, for the CTM 

process, and the method in Figure 1b was used to calculate the ISWR process.  

 

Figure 10. Scheme of the CTM process with ISWR. 

Figure 11 presents the equilibrium CO2 conversion and methanol yield for the CTM process at 

different temperatures (200 ‒ 300℃), pressures (30 ‒ 70 bar) and R values (0.80 ‒ 0.99). The 

effects of the operating temperature for the CTM process are similar to the trends for the CAMERE 

process in Figure 6. For the operating pressure, both CO2 conversion and methanol yield were 

promoted by high pressures. These trends are more obvious for the conditions with lower R values, 

e.g., when the pressure increased from 30 bar to 70 bar (at 250℃), the CO2 conversion increased 

by 51%, 26% and 7% for R of 0, 0.90 and 0.99, respectively. Similar to the trends for the CAMERE 

process, significant improvements of CO2 conversion and methanol yield by high R values were 

found under the investigated conditions, which indicates that a lower operating pressure can be 

used for the CTM process by applying the in situ water removal. For example, at T = 250℃, a 

higher YMeOH (34%) was achieved at a lower P (30 bar) and R = 0.99, whereas YMeOH is 26% at P 

=70 bar and R = 0 (without ISWR). The conditions with P2 = 50 bar were also calculated and 

shown in Figure S2, Appendix A. 
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The effect of the H2/CO2 and CO/(CO+CO2) ratio in the feed gas were also investigated for the 

CTM process (shown in Figure 12). The trends of the equilibrium methanol yield are similar to 

those for the CAMERE process in Figure 7, and the methanol yield increased with the increases 

in both H2/CO2 and CO/(CO+CO2) ratios. Compared with the results of the CAMERE process, the 

methanol yields of the CTM process were slightly higher under the investigated conditions (except 

the conditions where R = 0). The promotions by ISWR remained obvious for different H2/CO2 

ratios and low CO/(CO+CO2) ratios, and high YMeOH can be achieved (e.g., YMeOH is 72% when 

H2/CO2 is 5). 

 

 

(a)                                                                                             (b) 
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(c)                                                                                             (d) 

Figure 11. Equilibrium CO2 conversion (left column) and methanol yield (right column) for the CTM process under 

the conditions with H2/CO2 = 3(feed gas), T = 200 ‒ 300 ℃, P = 30 ‒ 70 bar and R = 0 ‒ 0.99. 

 

(a)                                                                                             (b) 

Figure 12.  Equilibrium methanol yield at T = 250℃, P = 50 bar and different R values, (a) H2/CO2 ratios and (b) 

CO/(CO+CO2) ratios in the feed gas for the CTM process. 

3.4 Comparison of the CAMERE and CTM processes with ISWR 

Compared with a conventional CTM process, the CAMERE process including a high-

temperature RWGS reactor can achieve higher CO2 conversion and methanol yield (see Figure S3, 

Appendix A). In the present study, the application of ISWR can promote both processes as 
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mentioned above, which results in a moderate-temperature CAMERE process and a CTM process 

with high methanol yields. Figure 13 shows the ratio of the methanol yields between the two 

processes under identical conditions (P = P2 = 50 bar and T = T2 = 250℃) for the methanol 

synthesis process (for both processes) and different T1 and R. The YMeOH, CAMERE / YMeOH, CTM ratio 

increased with T1 due to the RWGS reaction favors high temperature, and higher methanol yield 

can be achieved by a higher T1. The CAMERE process showed 9% ‒ 29% higher methanol yield 

without the application of ISWR (R = 0), whereas the CTM process showed better (not significant) 

methanol yields for most of the conditions with ISWR (R = 0 ‒ 0.99). Similar trends (data not 

shown) were also found for the CO2 conversions and the methanol yields under other pressure 

conditions (i.e., P = P2 = 30 bar and 70 bar). 

 

Figure 13. The ratio of the equilibrium methanol yields for the CAMERE and CTM processes under the conditions 

with H2/CO2 = 3(feed gas), R = 0 ‒ 0.99, T1 = 200 ‒ 300 ℃, T = T2 = 250 ℃ and P = P2 = 50 bar. 

The pros and cons of the two processes are as follows: (1) For the CAMERE process with ISWR, 

the water removal only occurred in the RWGS part (in the present study), and there is less 

detrimental effect of water on the catalyst for the methanol synthesis part. In addition, the RWGS 

operate at low pressures (e.g., 5 bar), which indicates lower requirements of reactor materials (e.g., 
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membranes for water removal) for the water removal process. Furthermore, only a small (or 

negligible) amount of methanol was generated in the RWGS process, which resulted in a simpler 

water removal process mainly with the CO/CO2/H2/H2O system. The disadvantage of the 

CAMERE process is that the RWGS part increases the system complexity and cost with additional 

RWGS reactors. (2) For the CTM process with ISWR, a simpler system with only the methanol 

synthesis part is included. The disadvantage of this process can be the higher operating pressure 

(e.g., 50 bar), which results in higher requirements of reactor materials. In addition, the produced 

water may still affect part of the catalyst in the methanol synthesis reactor.  

 

4．Conclusions 

Thermodynamic analyses were conducted on a moderate-temperature CAMERE process and 

CTM process by the application of ISWR using the Gibbs free energy minimization method. The 

operating conditions of T = 200 ‒ 1000 °C, P = 1 ‒ 10 bar, feed gases of H2/CO2 = 1 ‒ 8 and 

CO/(CO+CO2) = 0 ‒ 0.6 and R = 0 ‒ 0.99 were considered for the RWGS part, whereas the 

operating conditions of T = 200 ‒ 300 °C and P = 30 ‒ 70 bar were included for the MeOH 

synthesis in both processes. 

For the moderate-temperature CAMERE process, in the investigated temperature and pressure 

ranges, the application of ISWR can significantly improve the CO2 conversion of the RWGS part 

at moderate operating temperatures, which may further decrease the difficulty in relevant heat 

integration and increase the energy efficiency for this process (compared with the condition 

without ISWR). High R values (e.g., R ≥ 0.80) are required for the ISWR process to achieve 

similar CO2 conversions (31% ‒ 73%) from the conventional CAMERE process with a high-

temperature RWGS reactor. The conditions with R = 0.99 showed high CO2 conversions (e.g., 
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77%) and high methanol yields (e.g., 51%). The CTM process showed better (not significant) 

methanol yields for most of the conditions with ISWR (R = 0 ‒ 0.99) under identical conditions (P 

= P2 = 50 bar and T = T2 = 250℃) for the methanol synthesis process. From a thermodynamic 

viewpoint, both processes show a high potential and ability to promote CO2 hydrogenation to 

methanol by the application of ISWR.  
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       (a)                                                                                             (b) 

Figure S1.  Equilibrium (a) CO2 conversion and (b) methanol yield for the CAMERE process at different T1 and R values 

(for the RWGS part) and P2 = 50 bar for the MeOH synthesis part. 
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       (a)                                                                                             (b) 

Figure S2.  Equilibrium (a) CO2 conversion and (b) methanol yield for the CTM process under the conditions with H2/CO2 

= 3 (feed gas), T = 200 ‒ 300 ℃, P = 50 bar and R = 0 ‒ 0.99. 
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Figure S3.  Equilibrium methanol yield under the conditions of H2/CO2 = 3, T2 = 250℃, P2 = 50 bar, P1= 5 bar and T1 = 

600℃ ‒ 800℃ for the high-temperature CAMERE process and H2/CO2 = 3, T = 250℃, P = 50 bar for the CTM process. 
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Table S1. The calculated values of Z and SFZ for Figure 2*. 

R = 0.8 
 200℃ 225℃ 250℃ 275℃ 300℃ 

Z 3 3 3 2 2 
SFZ 0.151 0.100 0.035 0.976 0.926 

R = 0.9 
Z 5 5 5 4 4 

SFZ 0.400 0.250 0.075 0.905 0.750 

R = 0.99 

Z 33 30 28 24 21 
SFZ 1.000 0.700 0.140 0.400 0.550 

* the values in the table are also used for Figure 5, Figure 6, Figure 9 and Figure S1. 
 
 

Table S2. The calculated values of Z and SFZ for Figure 3a*. 
R = 0.8 

H2/CO2 1 2 3 4 5 6 7 8 
Z 3 3 3 2 2 2 2 2 

SFZ 0.160 0.120 0.035 1.000 0.980 0.960 0.940 0.916 
R = 0.9 

Z 5 5 5 4 4 4 4 4 
SFZ 0.230 0.170 0.075 0.983 0.905 0.835 0.768 0.705 

R = 0.99 
Z 33 31 28 25 23 22 20 19 

SFZ 0.070 0.080 0.140 0.800 1.000 0.200 0.800 0.600 
*: the values in the table are also used for Figure 7a. 
 
 

Table S3. The calculated values of Z and SFZ for Figure 3b*. 
   R = 0.8     

CO/(CO+CO2) 0 0.1 0.2 0.3 0.4 0.5 0.6 
Z 3 3 3 3 4 4 4 

SFZ 0.350 0.360 0.650 0.895 0.120 0.310 0.460 

   R = 0.9     

Z 5 5 6 6 7 7 8 
SFZ 0.075 0.633 0.172 0.710 0.195 0.645 0.030 

   R = 0.99     

Z 28 29 32 35 38 41 43 
SFZ 0.140 0.500 0.700 0.900 0.500 0.010 0.500 

     *: the values in the table are also used for Figure 7b. 
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Table S4. The calculated values of Z and SFZ for Figure 11 and Figure S2. 
R = 0.8, P = 30 bar 

 200℃ 225℃ 250℃ 275℃ 300℃ 
Z 2 2 2 2 2 

SFZ 0.724 0.834 0.9025 0.9225 0.9055 
R = 0.9, P = 30 bar 

Z 4 4 4 4 4 
SFZ 0.123 0.477 0.690 0.747 0.690 

R = 0.99, P = 30 bar 

Z 18 22 23 22 21 
SFZ 0.600 0.200 0.200 0.800 0.150 

R = 0.8, P = 50 bar 

Z 2 2 2 2 2 
SFZ 0.5395 0.675 0.781 0.848 0.868 

R = 0.9, P = 50 bar 

Z 3 3 4 4 4 
SFZ 0.668 0.977 0.315 0.520 0.578 

R = 0.99, P = 50 bar 

Z 13 16 19 20 20 
SFZ 0.900 1.000 0.500 0.800 0.300 

R = 0.8, P = 70 bar 
Z 2 2 2 2 2 

SFZ 0.3955 0.5485 0.6745 0.7685 0.821 
R = 0.9, P = 70 bar 

Z 3 3 3 4 4 
SFZ 0.347 0.690 0.977 0.275 0.435 

R = 0.99, P = 70 bar 

Z 12 13 17 18 19 
SFZ 0.300 0.800 0.200 0.700 0.200 
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Table S5. The calculated values of Z and SFZ for Figure 12a. 
R = 0.8 

H2/CO2 1 2 3 4 5 6 7 8 
Z 2 2 2 2 2 2 2 2 

SFZ 0.849 0.808 0.781 0.752 0.718 0.6816 0.646 0.6084 
R = 0.9 

Z 4 4 4 4 4 3 3 3 
SFZ 0.595 0.416 0.315 0.200 0.064 0.942 0.842 0.746 

R = 0.99 

Z 27 22 19 16 14 12 11 10 
SFZ 0.330 0.700 0.500 0.700 0.350 0.500 0.150 0.150 

 
 
 
 
 

Table S6. The calculated values of Z and SFZ for Figure 12b. 
   R = 0.8     

CO/(CO+CO2) 0 0.1 0.2 0.3 0.4 0.5 0.6 
Z 2 2 3 3 3 3 3 

SFZ 0.781 0.920 0.100 0.319 0.538 0.764 0.984 
   R = 0.9     

Z 4 4 4 5 5 6 6 
SFZ 0.315 0.622 0.943 0.350 0.780 0.269 0.808 

   R = 0.99     

Z 19 20 22 24 26 29 32 
SFZ 0.500 0.900 0.450 0.400 0.500 0.600 0.250 
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