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Abstract. Human CO₂ emissions are an important driving factor in global warming, which is
a threat to the Earth's climate system and ecosystems, with consequences such as increased
average global temperature, frequent extreme heat waves, and ecosystem degradation.
Nowadays, all CO₂ storage technologies still face a number of challenges, such as cost,
capacity of treatment, and energy consumption. Among all Carbon Capture, Utilization, and
Storage methods, hydrogenation of CO₂ into methanol (CH₃OH) has become one of the vital
ways to deal with carbon dioxide, and at the same time, high-value chemicals and fuels were
prepared. This article systematically reviews the catalytic systems adopted in the CO₂
hydrogenation to methanol process, mainly focusing on different catalyst types and giving
an in-depth explanation of their reaction mechanisms. Meanwhile, a flow diagram was
adopted to depict the integral process of this reaction under industrial conditions, involving
key unit operations. The study shows that efficient catalysts and low-cost green hydrogen
are the keys to the successful industrial application of this technology, and its extensive
application will provide a good prospect for a green future.
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1. Introduction

At present, the concentration of CO₂ in the atmosphere has reached over 420 ppm and has greatly
increased compared to preindustrial levels of about 280 ppm. The major cause of such a rapid
increase in CO₂ concentration is considered to be large-scale combustion of fossil fuels. With a
continuous imbalance in the global carbon cycle, the problem of controlling CO₂ emissions
continues to become even more serious. Although CCS technology could temporarily store CO₂ in
underground geological formations, this technology generally has disadvantages like high energy
consumption, poor economic viability, and limitations in large-scale application. For instance, it
takes around 0.3 to 0.6 MWh to capture one ton of CO₂, which is a month's quantity of electricity
required for an average American household. The energy consumption of the direct air capture
technology, which has to separate CO₂ from low-concentration gases, is even higher at 1.5 to 2.5
MWh per ton of CO₂ captured, which is economically not feasible.

By contrast, resource utilization, especially CO₂ hydrogenation to methanol, had been considered
as a more sustainable solution. Methanol, a chemical raw material and energy carrier, can achieve a
synthesis pathway using CO₂ as the carbon source while combined with hydrogen that is produced
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from renewable energy by electrolysis of water. This review covers the catalytic mechanisms of the
reaction, the industrial scalability potential, and the economic aspects of the Chemical Transport
Model process in view of its important contribution to achieving the goals set by carbon neutrality.

2. CO2 hydrogenation to methanol

2.1. Catalysts

Catalysts play a decisive role in CO₂ hydrogenation to methanol, and their performance directly
influences the reaction's efficiency, product selectivity, and overall cost. Current research in this
field has focused on three main kinds of catalysts: copper-based catalysts, precious metal catalysts,
and oxide catalysts (Table 1). According to reaction activity, stability, and economic viability,
different kinds of catalysts exhibit advantages and limitations.

Table 1. Comparison of main catalyst types for CO₂ hydrogenation to methanol

Catalyst
Type Example Advantages Disadvantages Key Performance Metrics

Cu-Based Cu Low cost, moderate
activity

Deactivation at high temperature,
sintering

~25-30% conversion,
~50-70% selectivity

Noble Metal Pd High activity,
considerate stability Very high cost, limited resource High conversion, selectivity

Oxide ZrO Excellent selectivity,
high stability

Lower activity requires high
pressure

>80% selectivity, lower
conversion

And this type of catalyst has many advantages, such as low cost and high activity of the reaction.
So it is the most mainstream choice in current industrial applications [1]. However, it suffers from
copper particle sintering at temperatures higher than 300°C, resulting in a loss of catalytic activity
[2]; meanwhile, Reserve Water Gas Shift decreases methanol selectivity. The typical performance is
that the CO₂ conversion rate is around 25–30%, while the methanol selectivity is approximately 50–
70% [1,2].

Beyond Cu-based systems, precious-metal catalysts (especially Pd-based catalysts) have been
explored for CO₂ hydrogenation to methanol and can show strong activity and selectivity under
relatively mild conditions. For example, a review reports that Pd and Pd-based bimetallic catalysts
can achieve >10% CO₂ conversion with ~100% methanol selectivity at ≤30 bar and ≤250°C,
outperforming Cu-based catalysts in that low-pressure/low-temperature window [3].

Nevertheless, their large-scale deployment is constrained by economics and supply risk. The
annual average palladium price was about USD 980 per troy ounce in 2024 [4], illustrating the high
raw-material cost exposure. In addition, platinum-group metals have notable supply concentration
and trade dependence (e.g., the US net import reliance for platinum is reported as ~85%) [4], which
further increases the risk and uncertainty for industrial-scale adoption.

In addition to precious-metal catalysts, oxide-based catalysts—especially In₂O₃–ZrO₂ systems—
have attracted increasing attention for CO₂ hydrogenation to methanol because they can deliver very
high methanol selectivity and good stability. For example, an In₂O₃/ZrO₂ catalyst achieved 94.39%
methanol selectivity with 16.23% CO₂ conversion, and maintained performance over 100 h time-on-
stream [5]. However, their overall activity is often moderate, so studies commonly operate at
elevated pressures; for instance, Pt/In₂O₃ was tested at 5 MPa, where pure In₂O₃ under the same
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conditions gave only 9.4% CO₂ conversion [6]. Overall, oxide catalysts are highly selective and
stable, but frequently require higher-pressure operation to reach practical productivity [5,6].

Among these catalysts, Cu/ZnO/Al₂O₃ remains the industrial benchmark system in view of its
excellent cost performance ratio in the hydrogenation of CO₂ to methanol. Behrens et al. pointed out
that in Cu/ZnO/Al₂O₃ catalysts, copper sites serve as the main active centers for the reaction, and
ZnO can stabilize the formate intermediate, which is crucial for methanol synthesis [7].

Most industrial methanol production still uses catalysts based on Cu ZnO Al₂O₃, and that goes
back to the low-pressure method that ICI came up with in 1966, according to Ott and others in 2012.
These catalysts work well in real operating conditions, like pressures in the tens of bars and
temperatures around 200 to 300 degrees. They have high selectivity and can last a long time, which
is why they are usually picked.

There is this example from Pontzen and colleagues in 2011, where they looked at CO₂-rich feeds
using commercial Cu and ZnO catalyst pellets from Sud Chemie in a loop reactor setup with product
separation and recycle. At 250 degrees C and 80 bar, for the CO₂ hydrogenation, they got a space
time yield of 0.6 kg per liter cat per hour, and overall methanol selectivity was 63.9 percent from
their pilot plant crude methanol analysis. It seems like this kind of pilot loop with a real commercial
catalyst makes the data pretty relevant to industry, not just some small lab microreactor test.

ZnO does more than just act as a support in these systems. In practice, it helps guard against
sulfur by scavenging those species, which protects the Cu sites from getting poisoned, as per Ott et
al. in 2012. That part stands out because it shows how the components work together functionally.

2.2. Mechanism of reaction

Hydrogenation of CO₂ to methanol is a complex multistep reaction process with several reaction
intermediates. It has been generally believed that, in copper-based catalyst systems, the reaction
proceeds mainly through two pathways: a formate pathway and an RWGS reaction followed by CO
hydrogenation pathways.

In the formate pathway, CO₂ firstly chemisorbed on the catalyst surface and then reacts with
dissociative adsorbed hydrogen to produce formate (HCOO) intermediates. This intermediate further
undergoes successive hydrogenation processes, sequentially converting to HCOOH, HCOH, and
CH₃O, ultimately desorbing to form methanol. ZnO serves as a Lewis acid site to effectively
stabilize the formate intermediate, enhancing reaction activity and improving selectivity. This
mechanism has been confirmed in the studies of Kattel et al. [8] and Behrens et al. [7].

The other pathway is the RWGS reaction pathway, which initially occurs as: CO₂ + H₂ ⇌ CO +
H₂O

Further hydrogenation of the resulting carbon monoxide takes place with formyl, formaldehyde,
and methoxy as intermediates to form methanol. Suppression of the RWGS reaction holds the key to
better methanol yield. In reality, RWGS will consume hydrogen to make CO and water, and the CO
can desorb and leave as a by-product, therefore reducing overall methanol selectivity and carbon
efficiency, especially at higher temperatures where RWGS is more favorable. Suppression of the
RWGS reaction, according to a study by Bowker, holds the key to improved methanol yield [9].

Moreover, the interaction of metallic copper with the ZnO support is a crucial factor in catalytic
activity. The ZnO not only stabilizes the dispersion of copper nanoparticles against sintering but also
increases the activation capability of CO₂ on the copper surface. This synergistic effect of CuZnO is
considered one of the core issues of current catalyst research.
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2.3. Process design: from laboratory to industrialization

Figure 1. Real life BFD cycle of CO₂ hydrogenation to methanol reproduced [10]

The scaling up of this reaction, CO₂ hydrogenation to methanol from laboratory to industrial
scale, demands systematic integration of unit operations, energy management, and economic
considerations. A general industrial process for CO₂ to methanol could be divided into three main
parts: raw material preparation, the reaction process, and product separation.

In the raw material preparation stage, CO₂ is captured and usually purified by amine absorption
from industrial flue gases, while being compressed to 50–100 bar. Hydrogen is produced by water
electrolysis driven by renewable electricity and has to be compressed, too. Then, hydrogen and CO₂
are mixed in a specific molar ratio, usually H₂:CO₂ ≈ 3:1, to drive the reaction toward methanol
formation. Precise control of this ratio will be very important for improving conversion rates and
reducing side reactions.

During the reaction stage, the mixed gases are preheated and passed through a multitubular fixed-
bed reactor loaded with catalysts, such as Cu/ZnO/Al₂O₃. Given the strong exothermicity of the CO₂
hydrogenation reaction, heat transfer media (such as molten salt) are required to remove reaction
heat in a timely manner in order to control the reaction temperature within an optimal window of
200‒250°C. The gases at the reactor outlet comprise methanol, water, and unreacted CO₂ and H₂.

The reaction product, during the product separation stage, is first cooled through a condenser,
then separated into crude methanol and water in a flash tank. The uncondensed gases, mainly CO₂
and H₂, are recycled back to the reactor to improve the atomic utilization efficiency of carbon and
hydrogen. Finally, the crude methanol-water mixture is further purified through a distillation column
to obtain a methanol product meeting the industrial standards.

3. Challenges and perspectives

3.1. Technical and economic challenges

Various challenges arise on pathways to massive-scale applications of CO₂ hydrogenation to
methanol. Firstly, the Cu/ZnO/Al₂O₃ catalysts are susceptible to sintering deactivation at higher
temperatures (>200°C), causing a decrease in active surface area, while the competing RWGS
reaction reduces overall selectivity to methanol synthesis [7,8]. The economic feasibility of green
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methanol largely depends on the cost of green hydrogen. At the current stage, hydrogen production
by renewable energy electrolysis of water accounts for more than 60% of the total production cost.
Although current costs remain high, future costs are likely to be considerably lower with advances
in electrolyzed technologies including Proton Exchange Membrane and Solid Oxide Electrolyzer
Cell and increasing renewable energy installed capacity. Besides, the whole process from capturing
CO₂ to preparing hydrogen to high-pressure reaction has huge energy consumption. Therefore,
efficient heat integration between exothermic processes (reactor) and endothermic processes
(capture, electrolysis) is a key task in enhancement efforts toward overall energy efficiency.

3.2. Future directions of research

Future research on catalysts seems like it’s heading toward making ones that really perform well.
Like, building new high-performing ones. One direction that looks promising is In₂O₃-based
catalysts. They have shown methanol selectivities above 80 percent. And they resist sintering, which
helps them stay active longer. That part about staying active over time stands out.

Single-atom catalysts and dual-atom ones are getting more interest too. They combine efficiency
with stability by maximizing the use of the metal and precisely controlling the active sites. It feels
like that could be key to better results.

The commercial side of e-methanol relies a lot on green hydrogen being cheap. Except for the
catalyst itself. As electrolyzers improve in efficiency and renewable power scales up, the cost of
green hydrogen should fall quite a bit. Many analyses say that, especially from 2030 to 2040. I am
not totally sure about the exact numbers, but it seems substantial.

Process design plays a role as well. Water comes out as a product in CO₂ hydrogenation. So
removing it in situ pushes the equilibrium toward higher conversion in one pass. That reduces
recycling rates and energy use overall. Process intensification approaches could help here. Such as
enhanced absorption reactors and membrane reactors. They might be useful for that.

Policy can also change the economics. Like carbon pricing. For example, the European Unions
Emissions Trading System. It internalizes the cost of CO₂ emissions, which makes green methanol
more competitive. Some people think that will shift things a lot.

4. Conclusion

Hydrogenation of CO₂ to methanol is a very promising technological route for establishing closed
carbon cycles and further developing a circular carbon economy. While copper-based catalysts and
mature reactor designs form a ground for its industrialization, the commercial feasibility of the
technology is still reliant on solving some key issues, such as catalyst stability, reduction of green
hydrogen costs, and optimization of energy integration within the process. Together with substantial
progress in catalyst design, process intensification, large-scale production of green hydrogen, and
policies that support this direction, the CO₂-to-methanol technology will develop from experimental
and demonstration stages into an important pillar of the sustainable chemical industry that
transforms the global CO₂ emission problem into a valuable and utilizable resource.
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