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This article reviews the issues facing co-electrolysis and its applications to the power-to-methanol process. Coelectrolysis is an attractive process for syngas production that uses excess generated electricity. In extended
applications, syngas produced from co-electrolysis can be used for various applications like methanol production. In this review, the power-to-methanol process is comprehensively discussed from a process systems engineering viewpoint. The subjects discussed include the reason to choose methanol as a ﬁnal product, the latest
progress in power-to-methanol projects, and a comparison of methanol production from H2-CO (from co-electrolysis) and H2-CO2 mixtures (from electrolysis). Syngas production pathways from co-electrolysis and electrolysis are further investigated, and potential power-to-methanol schemes using co-electrolysis are deployed.
Lastly, research directions are proposed to accelerate power-to-methanol commercialization.

1. 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. The most
renowned is the use of renewable energy sources. However, a notorious
drawback of renewable energy is its intermittency. For example, in May
2016, the electricity supply in Germany far exceeded demand, the price
of electricity became negative, and people were paid to consume
electricity [1]. This condition is not favorable for independent renewable power producers and may hamper renewable energy development.
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. PtM process depicted in Fig. 1 consists 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. In this way, the electric
energy can be converted to and stored as methanol. This contributes not
only to the stable operation of the renewable energy grid but also to
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utilizing CO2 generated from industry or power plants.
An alternative technology to convert renewable electricity to syngas
is co-electrolysis (sometimes called syntrolysis). In co-electrolysis,
water and CO2 are electrolyzed at the same time, while the reverse
water-gas shift (RWGS) reaction is also occurring. The respective contribution of electrolysis and RWGS reaction to the conversion of CO2 to
CO was quantiﬁed by Ni [2]. Co-electrolysis was ﬁrst explored to produce O2 for propulsion and life support in spacecraft at the National
Aeronautics and Space Administration in the 1960s [3–8].
The increasing popularity of this technique is apparent based on the
increasing number of articles published covering a variety of methanol
synthesis via co-electrolysis. The articles have evaluated the co-electrolysis process, or reported the progress in the device, i.e., solid oxide
electrolytic cell (SOEC). Some also considered the application of its coelectrolysis to PtM [9–24]. A timeline showing the published reviews
and the assessment categories is given in Fig. 2.
Within the ﬁrst category (co-electrolysis), Fu et al. [9] evaluated the
economic potential of producing syngas and Fisher-Tropsch (FT) diesel
from the co-electrolysis of steam and carbon dioxide. They also suggested the operation strategy for the high temperature co-electrolyzer.
Graves et al. [10] reviewed numerous pathways to synthesize the CO2
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Fig. 1. The power-to-methanol concept.

Fig. 2. A timeline of co-electrolysis and power-to-methanol related reviews and assessments.

developing the durable high performance cells, so that they also presented the alternative technologies for synfuels. Wang et al. [21] gave a
detailed review on the thermodynamic and electrochemical principles
of SOEC and the comprising materials. Ni-based cermets (metal-ceramics) was found to be common for SOEC cathode with high performance whereas its stability and durability needs to be further enhanced.
Zhang et al. [22] indicated that some challenges are remained for SOEC
operating at intermediate temperatures that can be resolved by developing the new materials with higher reliability with the new preparation methods. Zhang et al. [23] reviewed the development of new
cathode materials for SOECs, such as the perovskite materials, and the
key factors for high-performance cathode design. Zheng et al. [24] gave
a detailed overview of CO2/H2O co-electrolysis in SOEC operated at
high temperatures, illustrating thermodynamic parameters, kinetics,
materials and the technological issues involved. They also concluded
the research on the fundamentals and materials SOEC should be extensively followed for the success of CO2 conversion.
In the third category, Pérez-Fortes et al. [19] simulated and assessed
the economics of a methanol synthesis in a reactor which was integrated with a CCU process, in an eﬀort to develop an economically
viable model. The CO2 conversion was 22% in the reactor, and 97% of
CO2 was converted to methanol in the overall process. 1.23 t of CO2
could be converted to a ton of methanol according to their results.
Using process modeling, Al-Kalbani et al. [18] modeled the methanol
production processes from water electrolysis and CO2 hydrogenation
also integrated with a CO2 capture process based on MEA. The process
is then compared with a high-temperature SOEC process. The overall
energy consumption was lower by 49%, thereby the energy eﬃciency
was the twice higher for the SOEC process. Hankin and Shah [20]
evaluated four diﬀerent systems for producing methanol of dimethyl
ether from CO2 in simulations. From the result, they suggested to produce methanol from syngas, which was synthesized in high temperature
electrolyzers. They also indicated that an alkaline water electrolyzer
combined with a RWGS system was less preferred for methanol

recycled fuels and claimed that high temperature co-electrolysis has the
highest potential, with 70% eﬃciency from electricity to FT liquid
fuels, according to their estimation based on energy and economics
analysis. Giglio et al. [15,16] studied the energy performance and
economics of synthetic natural gas production via two routes: (1) integrated steam electrolysis with methanation (Sabatier reaction) and
(2) the co-electrolysis of water and CO2 coupled with TREMP™ (the
Topsøe recycle energy-eﬃcient methanation process). Their results
showed that synthetic natural gas (SNG) production via co-electrolysis
has higher capital, operating, and maintenance costs. However, there is
a weaker dependence on the electricity cost because of the higher plant
eﬃciency.
The second category is associated with SOECs. Laguna-Bercero [12]
compiled applications, performances, and material issues facing SOEC.
Ebbesen et al. [13] compared the electrolysis in diﬀerent types of cells,
alkaline electrolysis cells, solid proton conducting electrolysis cells, and
SOEC in materials and the performance. The SOEC is modeled and its
combination with photovoltaic and solar heat is expected to have
80–90% eﬃciency. Nechache, Cassir, and Ringuedé [14] demonstrated
how electrochemical impedance spectroscopy (EIS) could be used to (1)
characterize electrode materials for both H2 and O2 electrodes, (2)
study cell degradation in diﬀerent conﬁgurations (symmetrical cell,
single cells, and stacks), and (3) develop a qualitative and quantitative
systematic SOEC analysis approach by varying parameters such as the
temperature, current density, or ratio.
Because co-electrolysis and SOECs are closely related, sometimes,
works related to these topics cannot be separated. The following reviews and assessments contain aspects of the ﬁrst and second categories. Becker et al. [11] presented an integrated model for SOEC and
FT process where syngas is converted to liquid fuels. The overall eﬃciency is estimated to be 54.8% HHV and the production costs to be
4.4–15.0$/GGE (Gasoline Gallon Equivalent). Nguyen and Blum [17]
reviewed the processes involved in the production of syngas and synfuels. From their study, solid oxide electrolyzer still has the challenge in
228
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production.
As highlighted in Fig. 2, there has been increasing research interest
in topics related to PtM and co-electrolysis, which has increased its
feasibility and promoted its possible use in electric power management
and CO2 abatement. However, there have been no comprehensive studies focusing on PtM using co-electrolysis from a process systems engineering viewpoint.
To achieve actual construction and operation at a commercial level,
it is necessary to understand the motivation, current development, and
challenges preventing commercialization. This review article focuses on
various aspects of PtM via co-electrolysis, mostly from a process systems engineering viewpoint. In this article, the process routes of PtM
are reviewed along with practical methods. We also describe the stepby-step process for the selection of the process route. To achieve this,
the latest developments and history from the late 1960s are discussed.
Because the present review can be broadly applied to the further development of PtM, this review is expected to be a useful contribution to
the ﬁeld of chemical and materials engineering.
2. Power-to-methanol
Fig. 4. Methanol price trend (data taken from [36]).

2.1. Why power-to-methanol?

synthesize methanol from CO2 at a capacity around 100 t of methanol
per year. The methanol product is used for the production of oleﬁns and
aromatics. CO2 emitted from factories is supplied to this facility along
with H2 produced by water photolysis (Fig. 5). The investment of this
plant is approximately 1.5 billion Japanese Yen [37]. Later, they published a patent regarding the methanol production process, although it
was not limited to using photocatalysts for producing H2 [38]. Although
the process does not utilize electricity to produce H2, we have included
this plant in this review because it utilizes CO2 emissions and H2 from
water splitting to synthesize methanol.
In October 2009, Carbon Recycling International (CRI) started to
construct the George Olah plant, which was completed in late 2011.
The investment in this plant was estimated at one billion Icelandic
Króna [39]. In 2015, CRI increased the methanol (registered brand
name, Vulcanol™) production plant capacity to more than 5 million
liters per year from an initial capacity of 1.3 million liters per year. The
plant currently utilizes 5500 t of CO2 per year. The source of CO2 is the
ﬂue gas produced from the geothermal steam emissions at the Svartsengi geothermal power plant (Fig. 6) [40]. The H2 is obtained from
water electrolysis using renewable electricity from the power grid
(hydro, geothermal, and wind sources) [41].
In the future, the number of PtM plants is predicted to increase.
Currently, several companies and projects are moving towards PtM
commercialization. Blue Fuel Energy, a company based in Canada, has
designed and will construct a world-scale natural gas-and renewablesto-gasoline plant. This plant will use renewable electricity to obtain H2
by electrolysis. Subsequently, the H2 will be processed, together with
natural gas and oxygen, to produce methanol. Further, the produced

The addition of an electrolysis process and the production of H2 is
suﬃcient to overcome the mismatch between (renewable) electricity
supply and customer demand. However, H2 utilization is only possible
when several conditions are met, i.e., a local H2 infrastructure is required, H2 consumption should be onsite, and H2 is used as the raw
material or fuel [25]. When these conditions are not met, H2 valorization is necessary.
While selecting the most feasible technology, a one-step synthesis
process should be the main focus because of the need for small-scale
and simple plant design [25]. Within these limitations, there are two
feasible processes to valorize H2: power-to-methanol and power-tomethane. Siemens performed an assessment of these processes and
made conclusions that PtM is economically more feasible than powerto-methane [25–30]. In addition, methanol is a chemical intermediate
that can be processed to other fuels and chemicals (Fig. 3). The price of
methanol has consistently increased (Fig. 4) and, if considered as fuel,
methanol has a high energy density in volume in comparison to H2 and
methane. Furthermore, methanol can be used as fuel for the fuel cell
either in form of H2 (reformed methanol) or methanol (without reforming) [31–35]. This methanol fuel cell system can be applied to
providing the backup or peak shaving power. In the future, the feasibility of using methanol as a fuel might be improved with government
support and customer willingness to accept higher prices for green fuels
[25].
2.2. Power-to-methanol plants
In 2008, Mitsui Chemicals Inc. built a pilot facility in Osaka to

Fig. 3. Methanol as a fuel and a raw feedstock material.
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Table 1
Key parameters of methanol grades [71].

Methanol (min. wt%)
Distillation range (°C)
Water (max. wt%)
Acetone + Aldehydes (ppm)
Acetone (ppm)
Ethanol (ppm)
Residue (mg/L)

Fuel Grade

Grade A

Grade AA

> 99%

> 99.85%
1
0.15
< 30

> 99.85%
1
0.1
< 30
< 20
< 10
< 10

< 10

world's ﬁrst methanol-fueled passenger ferry, the Stena Germanica. The
FReSMe project is implemented in the Swerea MEFOS facility in Luleå,
Sweden. On the other hand, the MefCO2 project, which produces more
valuable methanol and utilizes the captured CO2, is generally more
focused on. The MefCO2 project is implemented in the Lünen power
plant site of STEAG GmbH in Germany.
3. Synthesis and puriﬁcation of methanol
Conventionally, methanol is synthesized from syngas that is processed from coal or natural gas. In 1923, the ﬁrst commercial plant for
methanol synthesis was constructed. In the late 1960s, the well-known
catalytic process began to spread. This process was optimized for the
dominant natural gas feedstocks rather than coal but has proven to be
economically viable for both feedstocks [46,47]. The cost of methanol
production from natural gas was found to be signiﬁcantly lower compared to that from coal [46].
Syngas is a mixture whose content can be largely controlled, depending on the preferred target product, by adjusting a stoichiometric
number represented by the moles of H2, CO, and CO2. [48–50].

Fig. 5. Planned methanol synthesis process developed by Mitsui Chemical Inc.
redrawn from [37].

methanol will be converted to gasoline and liquid petroleum gas (LPG)
[43]. There are two European Union projects, the Residual Steel Gases
to Methanol (FReSMe) [44] and Methanol Fuel from CO2 (MefCO2)
projects [45], related to PtM. The FReSMe project focuses on the
synthesis of methanol from CO2 blast furnace gases in steel production
plants for use by the Swedish ferry operator Stena, which operates the

SN =

H2 − CO2
CO + CO2

(1)

In methanol synthesis from syngas, three major reactions take place.
Most of the reactions are exothermic (Reactions (2–4)) and this can
cause the temperature to increase above 300 °C. At this temperature,
catalyst deactivation often occurs [20,51–54].

Fig. 6. Process scheme in the George Olah plant.
redrawn from [42].
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Fig. 7. Possible routes for the production of syngas.
redrawn from [20].

Fig. 8. The principle of co-electrolysis in a SOEC.
Fig. 9. Mechanism of co-electrolysis [2].
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Fig. 10. SOEC process scheme (redrawn from [75,76]).

less CO2 [48]. Concerning the SN, 2 is considered by many to be the
optimum value [48–50]. However, due to the reaction kinetics,
2.5–3.5% CO2 in volume is still required for higher production of CO
[48]. This condition increases the SN value to slightly greater than 2
(indicating that excess H2 is required), which appears to be optimal in
the industries using commercial catalysts [20,49]. In contrast, for direct
methanol conversion from CO2 and H2, a ratio of 3.5 is used [55], and a
ratio of 5 is speciﬁed as the optimum [38].
Considering the upstream process (electrolysis and co-electrolysis),
CO and CO2 hydrogenation will be discussed further to explain the
process features. Several studies have been published on this topic. Lee
et al. [56] compared the synthesis of methanol from the hydrogenation
of CO or CO2. Their results show that the production rate of methanol is
much higher with CO2 with CO. This result is supported the ﬁndings of
Studt et al. [57], who measured the activation energy (Ea) of methanol
formation. The value of Ea for CO2-H2 is 57.3 ± 3 kJ/mol, whereas that
for CO-H2 is 80.6 ± 2 kJ mol. This may be confusing because, in the
previous paragraph, we mentioned that CO is the preferred reactant.
Here, CO serves as a CO2 source in methanol synthesis. CO is ﬁrstly
converted to CO2 in a water gas shift reaction. The CO2 then reacts to
produce methanol [54,58–62]. Previously, this confusion has been a
source of controversy among researchers; that is, whether CO hydrogenation or CO2 hydrogenation is the carbon source for methanol
production. At ﬁrst, CO hydrogenation was regarded as the main
carbon source [63–65]. Nowadays, in general, the majority of researchers accept that methanol is formed by CO2 hydrogenation (CO2 as
the main carbon source) [65].
In a long-term test, a study by ALFE and Lurgi showed that CO2
hydrogenation over a commercial standard Cu/ZnO/Al2O3 catalyst has
lower productivity compared to the conventional synthesis-gas-based
technologies [66]. This is most likely because of the catalyst deactivation by the contained water [62,67–70]. This water is formed through
CO2 hydrogenation, which means that excess CO2 will shift the

Table 2
Key parameters of the SOEC experiment by Cinti et al. [78].
Inlet

10% H2
20% CO2
70% H2O

10% H2
30% CO2
60% H2O

10% H2
40% CO2
50% H2O

Process Parameter

Outlet

Vth: 1.29 V
Jth: 377.32 mA/cm2
Pth: 0.50 W/cm2
OCV: 0.90
ASR: 1.08 Ω cm2
Vth: 1.35 V
Jth: 426.70 mA/cm2
Pth: 0.57 W/cm2
OCV: 0.88
ASR: 1.12 Ω cm2
Vth: 1.43 V
Jth: 493.17 mA/cm2
Pth: 0.67 W/cm2
OCV: 0.90
ASR: 1.12 Ω cm2

H2/CO ratio: 3.90

H2/CO ratio: 2.27

H2/CO ratio: 1.46

Vth: thermoneutral voltage.
Jth: current density at thermoneutral voltage.
Pth: power density at thermoneutral voltage.
ASR: area speciﬁc resistance.
OCV: open-circuit voltage.

CO + 2H2 ↔ CH3OH ΔH298K = −91 kJ/mol

(2)

CO2 + 3H2 ↔ CH3OH + H2O ΔH298K = −50 kJ/mol

(3)

CO + H2O ↔ CO2 + H2 ΔH298K = −41 kJ/mol

(4)

From the above reactions, it can be understood that CO requires less
H2 to synthesize the same quantity of methanol. In addition, CO hydrogenation is more exothermic than CO2 hydrogenation, which means
that CO shifts the thermodynamic equilibrium towards higher conversion. Therefore, the objective of syngas production is to more CO and
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Fig. 11. Processes for planar SOEC fabrication (redrawn from [80–82]).

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 [24].
Co-electrolysis is a process where CO2 is included together with
steam in the feed to the electrolyzer and is directly converted to CO, H2,
and O2. At the cathode, CO2 and steam are reduced to H2 and CO via
Reactions (5) and (6) when they pass through the porous electrode to
the triple-phase-boundary at the cathode–electrolyte interface [2]. In
addition, the RWGS reaction also takes place with these two reactions.
The principle of co-electrolysis and its full reaction is described in Fig. 8
and Reaction (7), respectively.

equilibrium to the right and become unfavorable. This condition can be
easily overcome in the presence of CO, which will react with water to
form CO2 and H2.
After synthesis, crude methanol (containing impurities) must be
puriﬁed according to the desired purity or grade. There are three
common grades of methanol, as listed in Table 1. Fuel grade methanol
can be obtained using one distillation column because the only restriction is the water content. The presence of higher alcohols is not a
problem with fuel grade methanol and can even be considered an advantage for some end uses because it has a higher energy content. Fuel
grade methanol is not commonly traded but has been produced for
various alternative fuel demonstration projects. Grade A methanol can
be obtained using two distillation columns. Grade A is used when the
speciﬁcations of Grade AA fuel are not required. Grade AA methanol
can be obtained using three or four distillation columns and is widely
used and traded [71].

H2O + 2e– → H2 + O2–
–

CO2 + 2e → CO + O

2–

(5)
(6)

4. Production of hydrogen (or syngas)

H2O + CO2 → H2 + CO + O2

There are several possible routes to produce H2 (or syngas) using
electricity from water and CO2, as depicted in Fig. 7 [20]. Here, syngas
denotes either CO-H2 or CO2-H2 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-electrolyzer 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

The working mechanism of co-electrolysis is depicted in Fig. 9. The
oxygen ions (O2−) from Reactions (5) and (6) pass from the triplephase-boundary at the cathode–electrolyte interface through the electrolyte to triple-phase-boundary at the electrolyte–anode interface,
where oxygen molecules (O2) are formed losing their electrons. After
that, oxygen molecules pass through anode until they reach anode
surface where they usually swept by sweep gas [2].
Co-electrolysis of CO2 and steam, shown in Reaction (7), is more
eﬃcient than electrolysis of CO2 alone [72]. This process has two
principal advantages. First, it removes the need for the RWGS unit
because the CO2 reduction occurs during electrolysis, and, secondly,
less solid carbon is formed with this process [20]. Aside from CO2
electrolysis to form CO, the RWGS reaction is considered as a CO
contributor in co-electrolysis [73,74]. This statement is also supported
by the ﬁndings of Graves et al. [3]. They compared the initial
233
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Fig. 12. Processes for tubular SOEC fabrication.
(redrawn from [80]).

Table 3
Comparison of SOEC with alkaline electrolysis and polymer electrolyte membrane (PEM) electrolysis.

3

Eﬃciency in %LHV (kWh/Nm )
Cost in €/kW (€/kW divided by η)
Cold Start-up Time in minutes
Shut Down Time
Minimum Power in %Pnom
Peak Power - for 10 min in %Pnom
Ramp-up Rate in %/sec
Ramp-down Rate in %/sec
Degradation - System in %/1000 h
Life time, stack in hours
Current Density in A/cm2
Cell Voltage in V

Alkaline Electrolyzer

PEM Electrolyzer

SOEC

References

63 (4.8)
800 (1270)
< 15
1–10 min
15
100
6.7
10
0.13
< 90,000
0.2–0.4
1.8–2.4

65 (4.7)
1000 (1540)
15
Seconds
5
160
40.6
40.6
0.25
< 20,000
0.6–2.0
1.8–2.2

82 (3.7)
1500 (1830)
> 60
–
1
–
0.1
3
1.6
< 40,000
0.3–1.0
0.95–1.3

[83]
[83]
[84]
[85]
[85,86]
[85]
[86,87]
[86,87]
[85,88]
[84]
[84]
[84]

performance of the co-electrolysis of CO2 and H2O with that of CO2
electrolysis, and also with that of H2O electrolysis, and claims that the
RWGS is occurring during co-electrolysis. Meng Ni [2] found through

simulation that RWGS contributes to about 25% of CO production at
873 K, while RWGS consumes about 19% of the CO produced from CO2
electrolysis at 1073 K by Reaction (8).
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Fig. 13. Comparison of typical electrolyzer polarization curve ranges.
(redrawn from [10]).

CO2 + x H2O ↔ CO + x H2 + O2

4.1. Comparison of electrolysis devices

(8)

The most common device used for co-electrolysis is a SOEC, a solid
oxide cell (SOC) that operates as an electrolyzer (or co-electrolyzer). In
reverse mode (H2 oxidation), SOC is operated as a fuel cell (better
known as a solid oxide fuel cell (SOFC)). A SOC consists of a cathode, an
anode, and an electrolyte. The electrolyte is an ion-conductive, dense
ceramic layer, sandwiched between the porous cathode and anode. The
SOC operates at high temperatures (800–1000 °C) and, thus, heat integration makes the process more eﬃcient. One example of a SOEC
scheme using heat integration is depicted in Fig. 10 [75,76]. In this
scheme, water is heated to form steam prior to entering the stack. This
may remove the necessity of gas combustor, as well as reducing capital
and operating costs.
In methanol production, the outlet of the SOEC must have an SN of
2. This condition is aﬀected by several parameters, including the operating pressure and temperature of the cell and the composition of
inlet gas. Sun et al. [77] mentioned that the molar composition of 1:2:7
for the inlet gases of H2, CO2, and H2O might meet the requirements of
an SN of 2. Meanwhile, a study by Cinti et al. [78] suggested diﬀerent
compositions, as shown in Table 2. Note that H2 is added to the inlet
ﬂow to prevent the oxidation of the electrode made by the nickel
cermet [79].
In principle, the materials used in SOECs are similar to those used in
SOFCs. A dense ionic conductor consisting of ZrO2 doped with 8 mol%
Y2O3 (YSZ) is commonly employed as the electrolyte for its high ionic
conductivity, and stability at the high operating temperature range of
800–1000 °C. Ceria-based electrolytes (ﬂuorite), lanthanum gallate
(perovskite), or scandia-stabilized zirconia are also used as the electrolyte material [12]. For the cathode (fuel electrode), a cermet of
nickel and YSZ is the most commonly used, and for the oxygen electrode, a lanthanum strontium manganite (LSM)/YSZ composite is
commonly chosen.
The two most common SOEC designs are planar and tubular conﬁgurations. The manufacturing process of planar SOECs includes the
chemical processing of ceramic oxide powders for the electrolyte and
electrodes (Fig. 11 [80–82]). Meanwhile, tubular SOEC fabrication is
more complex than that of planar SOECs. Tubular SOEC fabrication
involves electrochemical vapor deposition (EVD) of the electrolyte, and
also plasma spraying for the interconnect (Fig. 12 [80]).

In comparison with other electrolysis devices (alkaline and polymer
electrolyte membrane (PEM) electrolyzers), SOECs have the potential to
operate at higher eﬃciencies, as shown in Table 3 and Fig. 13. Currently, SOEC developments are still in the lab-scale phase. However,
several academic institutions and companies are attempting to improve
SOEC performance for co-electrolysis to allow its commercialization, as
shown in Fig. 14 [24,89]. One noteworthy project to improve SOECs for
co-electrolysis is ECo (Eﬃcient Co-Electrolyzer for Eﬃcient Renewable
Energy Storage) [89]. This project aims to develop an eﬃcient coelectrolysis process and upgrade the technology readiness level (TRL)
from 3 to 5.
Degradation is a big issue facing SOECs. Therefore, one important
objective is to enhance performances and eﬃciencies at a lower operating temperature around 100 °C, which is necessary to reduce thermally activated degradation processes to below 1% per 1000 h at stack
level.
5. Overall power-to-methanol process
Considering the current performance and characteristics of SOEC, a
device to stabilize the power input to the SOEC is required. Therefore, a
battery is placed before the SOEC. Before methanol synthesis, a gas
storage device is also required to maintain a steady gas ﬂow. From
Fig. 7c and e, two process schemes of PtM using co-electrolysis can be
derived, as shown in Fig. 15. The scheme shown in Fig. 15a has ﬂexibility in terms of the SN. In this scheme, the SN can be greater than 2
because CO also can be obtained from CO2 electrolysis. The drawback
of this system is its complexity. Compared to the scheme in Fig. 15b,
scheme a requires more gas storage and has a more complicated arrangement for battery charging and discharging. Scheme a presumably
has a higher capital cost than scheme b because of the additional gas
storage. Scheme b is less ﬂexible than scheme a because it requires an
SN of 2 using co-electrolysis alone.
Scheme c is the PtM using the conventional electrolysis process
derived from Fig. 7a. If schemes a and b are compared to scheme c,
clearly, schemes a and b require larger gas storage volumes prior to
methanol synthesis. Scheme c has a smaller storage volume because
only H2 is required.
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Fig. 14. Map of the development of SOECs in academia
and industry: (1) Idaho National Laboratory (INL), (2)
National Aeronautics and Space Administration (NASA),
(3) Technical University of Denmark (DTU), (4)
Forschungszentrum Jülich (FZJ), (5) European Institute
for Energy Research (EIFER), (6) Alternative Energies and
Atomic
Energy
Commission
(CEA), (7)
École
Polytechnique Fédérale de Lausanne (EPFL), (8) Catalonia
Institute for Energy Research (IREC), and (9) HTceramix.

As mentioned previously, H2 is required in the inlet ﬂow of coelectrolysis to prevent electrode material oxidation. Therefore, the
partial recycling from co-electrolysis outlet to co-electrolysis is highly

recommended. Otherwise, H2 from another source is required, which
inﬂates the operational cost of the process. In industry, unreacted gas is
recovered and recycled back to the methanol synthesis reactor at a

236

Renewable and Sustainable Energy Reviews 95 (2018) 227–241

R. Andika et al.

Fig. 15. The overall power-to-methanol process using co-electrolysis (schemes a and b) and conventional electrolysis (scheme c).
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Fig. 16. Various methanol production pathways.

Table 4
Payback period sensitivity analysis of PtM using co-electrolysis.

If necessary, H2 can be recovered further from CO by adding water
via water-gas shift reaction as described in Reaction (4). Meanwhile, in
coal gasiﬁcation, the reactions are more complex involving several
components to react (Reactions (10–17)) [90]. The syngas produced
from coal gasiﬁcation typically needs further treatment due to the impurities. Accordingly, the process requires more energy to produce
methanol.

syngas/feed gas ratio of 3–7 [48]. This recycled stream could also be
used to supply part of the H2 for co-electrolysis.
6. Concluding remarks
In Fig. 16, various methanol production pathways are summarized.
In total, there are six pathways from renewable electricity and CO2 to
methanol, and two conventional pathways, i.e., natural gas reforming
and coal gasiﬁcation. In natural gas reforming, natural gas (methane)
reacts with water to form H2 and CO as in Reaction (9).

C + ½ O2 → CO

(10)

C + CO2 → 2 CO

(11)

CH4 + H2O → CO + 3H2

C + H2O → CO + H2

(12)

(9)
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CH4 + ½ O2 → CO + 2H2

(13)

H2 + ½ O2 → H2O

(14)

CO + ½ O2 → CO2

(15)

CH4 + H2O → CO + 3H2

(16)

CO + H2O → CO2 + H2

(17)

Referring to the work of Al-Kalbani et al. [18], the heat integration
could reduce up to 37% of the cooling utilities.
Despite of several major economical and technological challenges
that have been imposed to this research ﬁeld, PtM still oﬀers a credible
outlook to produce large quantities of sustainable methanol. The
quality of methanol products can be controlled according to its application either as intermediate chemicals or fuel. The potential of this
process will be escalated with the rise in the portion of intermittent
renewable energy such as solar and wind energy. In the distributed
power system, this technology may create the local businesses and
strengthen the rural economies, not to mention its environmental advantages over the fossil fuels [94].

Apart from conventional natural gas reforming, there are a number
of other pathways to produce syngas from natural gas that is not investigated in detail in this review, e.g., partial oxidation, two-step reforming, and reforming. In addition, there are several less known
methods such as Carnol process developed by Brookhaven National
Laboratory, bi-reforming, and direct oxidation of methane to methanol
[91,92]. The source of methanol production may also vary from biogas
(developed by BioMCN, the Netherlands), municipal solid waste (developed by Enerkem, Canada), to forest waste (developed by Chemrec,
Sweden).
As identiﬁed, the co-electrolysis of H2O and CO2 to methanol using
SOEC is promising. To commercialize the process, the price of methanol
from co-electrolysis should be similar to the market methanol price.
Referring to the US National Energy Technology Laboratory (NETL), the
methanol production cost is 1.03 US$/gal (~343 US$/MT) for natural
gas reforming [46]. In comparison with the Methanex methanol price
(per October 2017), 396 US$/MT [36], the methanol production proﬁt
would be around 13.38%.
Under these circumstances, by comparing the simple calculation
(Supplementary Material) of the cost of PtM using co-electrolysis
(Table 4), the PtM methanol price cannot compete with the methanol
market price. Even if the methanol market price were to double and the
co-electrolysis process were 100% eﬃcient, the payback period only
falls to 5 years. In conclusion, major improvements are still required to
commercialize the process.
SOEC (co-electrolysis) improvement is vital to allow the commercialization of the PtM process. This improvement can be achieved by
more extensive research studies and the development of SOEC materials, as highlighted by Zheng et al. [24]. Degradation issues should also
be addressed because this is the main issue that should be resolved
[12].
From a process systems point of view, three solutions to overcome
the aforementioned challenges are proposed, as follows.
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