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1. Abstract
Renewable methanol  production is an emerging technology that bridges the gap in the
shift from fossil fuel to renewable energy. Two thirds of the global emission of CO2
stems from humanity’s increasing energy need from fossil fuels. Renewable energy,
mainly from solar and wind energy, suffers from supply intermittency, which current
grid infrastructures cannot accommodate. Excess renewable energy can be harnessed to
power the electrolysis of water to produce hydrogen, which can be used in the catalytic
hydrogenation of waste CO2 to produce renewable methanol. Methanol production using
captured CO2 from various sources could be alternative to reduce climate related
emissions and it is a very valuable chemical with a variety of uses, either as a fuel or as
building block for the synthesis of other chemicals. In the last years, interest was growing
in the production of methanol from CO2, based on the so called “Power-to-Fuel” concept.
This paper is focused on the process description of methanol synthesis, CO2 capture
techniques and possible routes for H2 production. Kinetics and Thermodynamics,
reaction mechanism and process operating conditions are studied in the context of this
process to reveal the most up to date understanding.
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2. Introduction:
Fossil fuel  use causes environmental problems, such as pollution, global warming, and
climate change. Several attempts to limit fossil fuel use and reduce their carbon footprints
have emerged [1]. According to the BP Energy Outlook 2018, the world energy demand
is projected to increase by around a third by 2040 and renewable energy is expected to
be the fastest growing energy source, accounting for 40% of the increase in energy. Wind
and solar energies are recognized as the most promising renewable resources in reaching
the targets towards a lower carbon fuel mix [2]. Currently, fossil fuels are still used in
energy-intensive industries and power plants. Thus, carbon capture and utilization (CCU)
has also been proposed as a solution to reduce the industrial carbon footprint. Power-to-
methanol (PtM), sometimes called emission-to-methanol, is one of the CCU technology
[1]. Methanol has been alcohol of the choice due to fast reaction times and high
conversions, but above all, for its low prices [3]. PtM process illustrated in Fig. 1
comprises of three main steps in general: (1) the production of H2 from (renewable)
electricity using water electrolysis, (2) the utilization of CO2, and (3) the synthesis and
puriﬁcation of methanol [1].
Figure 01. Power to Methanol Concept [1]
For electrolysis of water three main technologies are available today; alkaline
electrolysis, proton exchange membrane (PEM) electrolysis and Solid Oxide electrolysis
[4]. CO2 capture is achieved by various techniques includes mono-ethanolamine (MEA)
stripping [5], moisture swing adsorption of CO2 from air, amine-based sorbents [4]. The
hydrogenation based methanol process (CO2+H2), the hydrogenation route contains three
sections: Methanol synthesis, Separation and Puriﬁcation, and Heat recovery [6]. The
methanol production from direct CO2 (using pure sources of CO2 and H2) has several
advantages over the conventional process—it results in signiﬁcantly less byproducts, and
requires less energy in product puriﬁcation [7].
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3. Process description:
In  the proposed process methanol is produced from CO2 captured from air and H2
produced by electrolysis of co-harvested water using renewable electricity. The design
basis is 100 MW of electric input and 8000 operating hours per year. The schematic ﬂow
diagram of the process is shown in Figure 02. First, it is determined how much hydrogen
can be produced by the electricity provided. Next, the required stoichiometric amount of
CO2 for the methanol reaction is determined. The separations in the process are assumed
to be 100% eﬃcient. Co-adsorbed water during air capture can be used in the electrolyser
and the co-produced water during methanol synthesis is recycled [4].
Figure 02. Schematic process ﬂow diagram, including electrolysis section, air capture
section and methanol synthesis [4].
3.1 Production of H2 (or syngas): Electrolysis
There are several possible routes to produce H2 (or syngas) using electricity from water
and CO2, as depicted in Figure 03. Here, syngas denotes either CO-H2 or CO2-H2
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mixtures. For a  CO2-H2 mixture, a single low-temperature electrolysis process is
suﬃcient to fulﬁll and adjust the SN for methanol synthesis (route a). In contrast, for CO-
H2 production, there are ﬁve possible routes using combinations of electrolysis, co-
electrolysis, and the WGS/RWGS reaction (routes b–f). Route b utilizes low- and high-
temperature electrolysis to produce H2 and CO, respectively. Route b is the easiest route
to control and adjust the SN of the CO-H2 mixture for methanol synthesis. Route c uses
two high-temperature electrolysis processes, one acts to electrolyze CO2, while the other
co-electrolyser electrolyzes CO2 and water. Route c is an alternative to route b when CO
production must be controlled easily. Route d is an alternative when a CO-H2 mixture is
desired as the product without high-temperature electrolysis. Route f utilizes the WGS
reaction to improve H2 production while no water electrolysis is carried out. Among these
routes, routes a and d are considered easy to implement because they consist of mature
technologies, i.e., low-temperature electrolysis and the RWGS reaction. In contrast, co-
electrolysis is considered a future technology because of its potential to reduce costs and
improve process eﬃciency. Co-electrolysis is a process where CO2 is included together
with steam in the feed to the electrolyser and is directly converted to CO, H2, and O2. At
the cathode, CO2 and steam are reduced to H2 and CO via Reactions (1) and (2) when
they pass through the porous electrode to the triple-phase-boundary at the cathode–
electrolyte interface. In addition, the RWGS reaction also takes place with these two
reactions. The principle of co-electrolysis and its full reaction is given in Reaction (3),
respectively [1].
H2O + 2e –
→ H2 +O2–
(1)
CO2 + 2e–
→ CO + O2–
(2)
H2O + CO2 → H2 + CO + O2 (3)
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Figure 03. Possible  routes of H2 (syngas) production [1]
3.1.1 Solid Oxide Electrochemical Cell System for H2 production:
The main component of the SOEC system is the electrochemical cell, consisting of both
an anode and cathode, where the electrolytic reactions occur. Water feeds the SOEC at
ambient temperature (25°C), then it is preheated, vaporized and superheated up to the
operating temperature (850°C). Afterwards, it is mixed with a fraction of the cathode
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exhaust in the  mixer to obtain a molar composition of the cell inlet equal to 90% water
and 10% hydrogen to prevent electrode oxidation. Inside the reactor, water electrolysis
is accomplished with following reaction [10].
H2O → H2 + 0.5O2 (4)
3.2 CO2 Capture:
In 2016, atmospheric concentrations of CO2 passed 400ppm for the first time in several
million years. This value is steadily rising. Sequestration of CO2 from the atmosphere
(DAC) via absorption has been possible for half a century. Established applications can
be found in spacecraft and submarines. DAC can be achieved by organic capture,
production of metal carbonates, and by using sorbents [8].
Carbon Dioxide is captured from a power plant or other intensive carbon emission
industry (Cement plant and steel industry), through MEA absorption [9].The
technologies for CO2 capture from fuel gases are divided into three categories: post-
combustion, pre-combustion and carbon, is currently being developed. Among the
various support materials, mesoporous silica is favored for its high surface area and
adjustable and uniform pore size. The syntheses of amine-silica composites for the
capture of CO2 has proven to be successful. However, composites either demonstrate a
high CO2-capture capacity with low stability (amine impregnated silica), or a high
stability with a low capture capacity (amine-grafted silica). Absorption membranes for
separating CO2 are also demonstrating potential. In order to recover CO2 with low partial
pressures from high volumetric flow-rate gases, a very high surface area membrane is
required. The membranes should be highly selective for CO2, very permeable, and are
required to have good thermal, chemical, and mechanical stability. Polymeric
membranes such as polyphenylene oxide or polyethylene oxide have shown promise [8].
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3.3 Methanol Synthesis:
Methanol  synthesis is performed in a thermochemical loop process from synthesis gas
(syngas), i.e. mixture of H2, CO and CO2. Syngas is commercially supplied from
industrial carbon oxide containing off-gas and hydrogen from water electrolysis (PtM).
The syngas is mixed upstream of the methanol reactor with unconverted recycle gas to
obtain the reactor feed gas. Inside the reactor the following equilibrium reactions occur
over a Cu/Zn/Al2O3 catalyst.
CO2 + 3H2O ⟷ CH3OH + H2O ΔHRᴼ = -50kj/mole (5)
CO + H2O ⟷ CO2 + H2 ΔHRᴼ = -41kj/mole (6)
CO + 2H2 ⟷ CH3OH ΔHRᴼ = -91kj/mole (7)
Within this reaction network methanol synthesis was proven to mainly appear via CO2
hydrogenation. .All three reactions, CO2 hydrogenation (Eq. (5)), water-gas-shift
reaction (WGS, Eq. (6)) and CO hydrogenation (Eq. (7)) are exothermic [11].
3.3.1 Kinetic Study of Process:
In the context of this article, a kinetic model is defined by the combination of the kinetic
rate equations and the respective kinetic parameter set.
 The kinetic model defined by Graaf in 1988 is mechanistically based on the
stepwise hydration of adsorbed CO and CO2 on two active sites. Kinetic rate
equations and parameter set are provided in table. 01 [11].
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Table.01 kinetic rate  equations and kinetic model parameters by Graaf [11].
 In1996 Bussche and Froment published a kinetic model, which became another
important literature standard through the last decades. .The authors proposed a
mechanism via the carbonate species on one active site. In their kinetic
measurements a fixed bed reactor filled with the ICI51-2 catalyst was used. The
model rate equations and parameters set are given below in table. 02 [11].
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Table.02 kinetic rate  equations and kinetic model parameters by Bussche and
Froment [11].
3.3.2 Thermodynamic Analysis:
The methanol synthesis reactions involve a decrease of molar product volumes,
According to Le Chatelier’s principle, an increase in pressure therefore increases
methanol yield. A change in pressure has virtually no effect on the equilibrium of the
WGS reaction. This phenomenon was observed for the hydrogenation of CO2 over an
Au/ZnO catalyst, where an increase in pressure results in increased methanol yield with
only negligible increase in the formation of CO. It is for this reason that industrial
methanol synthesis employs pressures of 50–100bar. The effect of pressure in the
hydrogenation of CO2 was confirmed by Tidona, where space-time yields (Space time
yield (STY) is the amount of product produced per packed volume per time unit, in this
case kg methanol (kg catalyst h)–1
.) increased as a function of pressure, e.g., by more
than threefold from 75 to 700bar at optimum reactor conditions using a classical catalyst
and a molar feed ratio of 4 for H2:CO2. The energy efficiency maximum, which takes
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into account the  energy required for electrolysis of water, CO2 capture, and separate
compression of reactant gases, was found to be 400bar. At pressures >400bar, the rate of
methanol yield increases less than the compression work [8].
4. Conclusion:
The sustainability of renewable methanol production is determined by the carbon
footprint and the environmental impact of the entire process and is usually evaluated by
an LCA. The study demonstrate the likelihood of employing CO2 to produce methanol
through various routes. In terms of environmental factors, hydrogenation technology
(with hydrogen from renewable sources) is superior to other techniques as a consequence
of using more CO2 than emitting. Therefore, the methanol process from hydrogenation
of CO2 with hydrogen from renewable sources is the best candidate to achieve the near-
zero emission goal for the long term.
There are different possible ways for H2 production are mentioned in the article,
renewable, energy efficient and sustainable source is of the concern today. For CO2
capture, numerous techniques have been introduced in the paper, MEA absorption
technique is commonly used for the process, and mesoporous silica absorbent is much
favored due to its wide range of characteristics.
Kinetic & Thermodynamic Study is of great importance for Methanol synthesis to model
chemical reactions, optimize the process parameters, to monitor pressure and temperature
dependency in the process.
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