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play a major role in decoupling fossil resources to the economy’s COz2 emissions
needs. CO, hydrogenation is one of the most readily operational
CO, conversion pathways to produce chemicals. Beyond this,
electrochemical, photoelectrochemical, and photochemical CO, ![Fssilbased
conversion routes have gained attention as long-term direct MeOH

conversion routes. This work analyzes under what conditions H,

|

|

|
could be a sustainable intermediate vector in producing renewable electrolysis| \1
hydrogen-based methanol (hMeOH) and compares it with the N \ |
fossil-based (fMeOH) and the emerging electrochemical-based ~ Fossil |
(eMeOH) routes. The technological and exogenous drivers are ©Nergy Mid-term Future?

identified, and the trade-offs between alternatives are assessed under

an integrated life cycle approach. The deployment of low carbon hMeOH is locally conditioned to use electricity with carbon
intensities of 150 kg of CO,./MWh or lower. Higher electrolysis efficiency (>70%) and product concentration (>40 wt %) are
needed in the eMeOH route to be competitive with the H,-based path. Substitution of fMeOH by wind-powered hMeOH could
avoid substantial CO, emissions (—1.57 kg of CO,./kg) and fossil resources (—0.61 kg of oil,y/ kg) but at the cost of almost triple
the impact of land use.

1. INTRODUCTION on industrial needs, an alternative pathway is its combination
Even under an anomalous economic situation affected by with captured CO, for producing a value-added product. This
COVID-19, global carbon dioxide (CO,) emissions in 2020 group of alternatives would be encompassed in the Carbon
were still over 31.5 Gt of CO,, a 5.8% drop from the previous Capture and Utilization technologies (CCU), using H, and
year." Considering that to likely contain the global warming to captured CO, as feedstocks for producing CO,-based
2 °C we need to become carbon neutral in the next 50 years,2 products. These Power-to-X systems (PtX) are attractive for
international efforts and great economic changes are necessary two aspects: (i) the value-added product is made of recycled
to sustain a similar rate of decrease without severely affecting carbon (captured from the plant) instead of fossil carbon, so
the global welfare. helping in the decarbonization of another activity; and (ii) it
The Paris Agreement,” in conjunction with specific Green could be used as a sink of excess electricity from intermittent
Deal plans,”” has set an aggressive decarbonization commit- renewable resources, which could be helpful in balancing
ment for all economic sectors. The expected energy transition future highly-renewable shared energy grids.'”"*
promoted by the massive installation of day-by-day cheaper Several CO,-based routes based on H, and CO, can be
wind and solar energy, together with improvements in energy found at different technology readiness levels (TRL).">' The
efficiency or heat insulation, will provoke a severe reduction in thermochemical (TC) conversion of CO, presents the highest
the annual carbon budget in numerous economic activities.*”’ level of maturity for various products. Among the gaseous
However, there exist some specific industrial sectors which products the methane (CH,) production by CO, methanation

have intrinsic CO, emissions not only related to energy but
also with material sources needed in their activities. These are
called “hard-to-abate sectors” (e.g, cement, iron and steel,
paper, etc.), and additional measures are requested to decouple
their production process to the use of fossil resources as

stands out, which constitutes the power-to-gas route for
producing renewable synthetic methane.'”'? Concerning
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identified in several decarbonization roadmaps.®’ Received: November 2, 2021
In this regard, the use of hydrogen (H,) as intermediate Revised:  February 8, 2022

material and energy has been highlighted for its promising Accepted: February 8, 2022

future as a neutral-carbon chemical vector.'””"* Although the Published: February 17, 2022

H, could be used directly as a raw material or fuel depending

© 2022 American Chemical Society https://doi.org/10.1021/acs.iecr.1c04295

v ACS PUblicationS 6163 Ind. Eng. Chem. Res. 2022, 61, 61636172


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Ferna%CC%81ndez-Gonza%CC%81lez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+Rumayor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Domi%CC%81nguez-Ramos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angel+Irabien"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.iecr.1c04295&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?fig=agr1&ref=pdf
https://pubs.acs.org/toc/iecred/61/18?ref=pdf
https://pubs.acs.org/toc/iecred/61/18?ref=pdf
https://pubs.acs.org/toc/iecred/61/18?ref=pdf
https://pubs.acs.org/toc/iecred/61/18?ref=pdf
https://pubs.acs.org/toc/iecred/61/18?ref=pdf
https://pubs.acs.org/toc/iecred/61/18?ref=pdf
pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.iecr.1c04295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org/IECR?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

liquid hydrocarbons, the Fischer—Tropsch route for alkanes
production and the hydrogenation route for methanol
(MeOH) are the primary “power-to-liquids” routes. This
work is focused on MeOH, which is remarked as an attractive
chemical carrier that serves both as fuel and chemical." ™" Its
high energy density (22 MJ/kg) and water-like density (792
kg/m®) make it easy to transport and store, and it has a
significant global market volume of 75 Mt/yr in 2015 with
expectancies of growing up to 120 Mt/yr by 2025.>** An
example of implementation is the “Vulcanol process” from the
Carbon Recycling International in Iceland,** which produces
4000 tons/yr of CO,-based MeOH by hydrogenation using
renewable energy (geothermal heat and hydroelectricity) and
biogenic/industrial CO,. Another significant demonstration
case is the MefCO, Project,” that aimed to implement a pilot
plant at a scale of 1 ton of MeOH per day by hydrogenation of
captured CO,.

Even if it is technically feasible to convert CO, into MeOH,
this CCU alternative only makes sense when noteworthy
environmental benefits are obtained, especially in terms of
avoided CO, emissions. Several works have assessed the
environmental prospects of CO,-based MeOH produced in the
TC route (hMeOH),”*™* concluding that the high energy
needs (electricity and heat) entail that negative CO, emissions
are obtained only when low-carbon electricity sources are used.
Correct integration with the electricity grid mix for considering
the renewable energy variability would be critical.**

Considering this view, two major questions arise. First
question is can the TC route could be substituted with a more
beneficial pathway in which no H, as intermediate would be
involved. The conversion of the CO, into MeOH can also be
carried out in biological, electrochemical, or photochemical
pathways,™ currently featuring low TRL values (1—4).'>'¢
They should evolve to show a higher competitivity level in the
future. Among them, the electrochemical (EC) route has a
better perspective in the midterm since it comprises scalability,
mild temperature and pressure conditions, and the possibility
of directly converting the CO, into MeOH (eMeOH) from
water, CO,, and electricity.ss_38 Therefore, when comparing
the TC and EC routes, the carbon and energy sources may be
the same, but the intermediation of the H, would be the
conditioning element (Figure 1). Some works have explored
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sogrce i Non fossil-based
Fossil-based process
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Thermo-chemical hMeOH
process (TC) T»‘ Methanol
Energy an
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Electro-chemical
process (EC)

Figure 1. Simplified scheme of the considered routes in this work.

the comparison between these two alternatives,”” ™" but given
the uncertainty in the development of the EC route, most
scenarios consider ex-ante scenarios in which the time
framework is not clearly defined nor are the conditions that
the EC route would need to achieve to be competitive. The
second major question is what environmental trade-offs may
exist when comparing the production of renewable CO,-based
MeOH with the fossil-based alternative. It is clear that the
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global warming potential is the critical driver to make feasible
the CCU technology, but given the CO, recycling and the
energy intensity of both EC and TC routes, other impact
categories as fossil resource depletion or land use should be
considered to provide a holistic overview.

The objective of the work is then the environmental and
economic sustainability assessment of using H, and CO, in a
hydrogenation process for producing renewable MeOH and its
comparison under scenarios with a defined time horizon with
the fossil-based and direct EC-based routes (Figure 1). First,
the sustainability assessment from a decarbonization perspec-
tive is conducted for the three considered alternatives,
identifying the potential interest related to the introduction
of renewable methanol (hMeOH and eMeOH) as a substitute.
Then, a deeper comparison analysis between the hMeOH and
the low-TRL eMeOH alternative is performed. Finally, the
impacts on the fossil depletion and land use of the systems
analyzed are studied for a broader perspective in the
advantages/disadvantages. The novelties of the work are (1)
defining the benchmarks in the one-step EC route to compete
with the H,-based TC route and (2) expanding the carbon
footprint (CF) assessment with the depletion of fossil
resources and land use. We expect this work can help to
clarify the conditions and scenarios at which the hydrogen-
based MeOH can be a climate-change mitigation alternative
and its potential benefits and trade-offs when compared with
other alternatives.

2. MATERIAL AND METHODS

2.1. Process Description. 2.1.1. Fossil-Based MeOH
Production. Conventional production of MeOH (fMeOH) is
performed by steam reforming to produce syngas followed by
hydrogenation of the carbon monoxide (CO). The first step
(Figure 2) is performed at around 850 °C and 25 bar to reform
the CH, (eq 1) and displace the equilibrium of the water gas
shift reaction (eq 2). Ni-based catalysts are commonly used.
Then the CO and CO, are hydrogenated in an equilibrium
reaction (eq 3 and eq 4) for which a high-pressure loop of
around 80 bar and 250—300 °C is used to maximize the
conversion into MeOH by Cu-based catalysts.**

CH, + H,0 - CO + 3H, (1)
CO + H,0 < CO, + H, 2)
CO + 2H, < CH,0H 3)
CO, + 3H, < CH,0H + H,0 *)

2.1.2. Thermochemical (TC) CO, Hydrogenation. The
thermochemical conversion of CO, into MeOH (hMeOH)
consists of five major stages (Figure 2): (1) capture of the
CO,, (2) H, production by water electrolysis; (3) synthesis of
MeOH in the hydrogenation reactor; (4) recovery of
unreacted CO,; and (5) distillation of MeOH up to
commercial grade.

The CO, capture can be performed by a variety of
technologies and to different point sources. Chemical
absorption with monoethanolamine (MEA) is the most mature
technology in the field,*>*° but alternatives with other solvents,
adsorption on solids, or membrane technologies can also be
applied.*’ =" The point sources can vary from coal power
plants to different industrial sectors, the CO, concentration
being in the range of 1.5—30% v/v.”’ The water electrolysis is
performed in alkaline or PEM electrolyzers with overall energy
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Ind. Eng. Chem. Res. 2022, 61, 6163-6172


https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?fig=fig1&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c04295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

. 9%l Reaction ! Purification |
. preparation :: b ;
Fossil carbon .: Natural gas ; Steam reforming | . : : '
§ i Thermal | | |[*| Distillation [~ @
b, LSynthesis | v
Recycled COx! | CO: L L
Renewable ! I 11 | hydrogenation | : b
energy C?z ! + 1 | Distillation
1} [capture b Water e L
H : electrolysis P o
Renewable _*: ___________________________________ .“: ____________________ .'
energy | co: CO: P Distillati L @
'] capture electroreduction| : : istillation |-

.....................

.....................

Figure 2. Conceptual diagram for the fossil, thermochemical (TC), and electrochemical (EC) routes for producing MeOH.

efficiencies around 60—70%.”" Typical electrodes are IrO, on
the anode side for producing the water oxidation (eq S) and Pt
on the cathode for catalyzing the hydrogen evolution reaction

(eq 6)

2H,0 — O, + 4H" + 4e” (s)

(6)

The MeOH synthesis is performed at intermediate temper-
atures of 200—300 °C and 50—100 bar of pressure. The
MeOH is produced from eq 4, while the competing
equilibrium CO/CO, in the water gas shift reaction (eq 2)
also occurs. Catalysts of Cu, ZnO, or AlO; are the most used
for CO, hydrogenation.”” A gas—liquid separator is then used
to recover the gas mix, while the diluted methanol goes into a
distillation column to achieve a higher concentration of the
MeOH.

2.1.3. Electrochemical (EC) CO, Reduction. The electro-
chemical reduction (ER) of CO, avoids the need to produce
H, and directly yields MeOH (eMeOH) by direct CO,
reduction. This process comprises four major steps: (1)
capture of the CO,, (2) electroreduction of CO, into MeOH
and subproducts; (3) recovery of unreacted CO,; and (4)
distillation of MeOH up to commercial-grade (Figure 2).

Steps 1, 3, and 4 are similar to the TC route. The CO,
electroreduction occurs in an electrochemical reactor,
frequently in alkaline or PEM configurations with flowing
electrolytes and GDE configurations on the cathode to
improve current densities.”” On the anode side, the water-
splitting reaction (eq S) usually happens with IrO, as the
catalyst. There are two groups of reactions on the cathode: one
related to reducing the inlet CO, (eq 7) and a second one with
the evolution of hydrogen (eq 6). The catalyst must be very
selective to MeOH, but parallel CO, reduction reactions to
other products can occur. This work assumes that only MeOH
and H, can be produced from the reactor. Cu is the most
common catalyst, mainly in the form of copper oxides (Cu,O).

4-57
The process occurs at room temperature and pressure.

4H" + 4e” - 2H,

CO, + 6e” + 6H" — CH,0H + H,0 (7)

2.2. Life Cycle Methodology. 2.2.1. Goal and Scope.
This study aims to compare the environmental profile of
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producing renewable MeOH using H, as an intermediate
against the conventional fossil-based MeOH and alternative
direct electrochemical CO,-based MeOH pathways. This work
additionally pursues the determination of the impacts of these
routes on the use of resources (consumption of fossil resources
and land use) and the emission of greenhouse gases (global
warming impact). In this way, it would be possible to unveil
the environmental trade-offs and limitations that the use of H,
for producing renewable MeOH could bring in the decarbon-
ization of hard-to-abate sectors. To this end, the functional
unit used in the whole study is 1 kg of MeOH at a commercial
concentration (99.7 wt %).

2.2.2. System Boundaries and Assumptions. Cradle-to-
gate system boundaries are proposed, including those from the
CO, capture to the product purification. Product use and
further end-impacts are out of the scope of this work.
Previously confirmed less relevant stages as the production of
secondary chemicals (e.g, electrolytes) are not considered
because of their unsubstantial contribution, as evaluated in a
previous study.”® Cathode replacement is neglected assuming
significant improvements in the electrode lifetimes, as
described in Rumayor et al.”” Carbonate formation is assumed
to be minimized by proper cell design as it severely impacts the
performance.”” CO, capture is modeled assuming a flue gas
from a coal power plant and using the inventory from previous
authors,* but it must be noted that additional needs could be
required depending on the impurities in the CO, point source.
The captured CO, is allocated with the CCU product (MeOH
in this case), but in fact, the CO, savings are shared with the
product from the CO, source. Additional discussion regarding
the CO, allocation can be found in Muller et al.°" Byproducts
produced in the CO,-based routes (e.g, O, H,) are not
valorized and so considered as purged out of the system.
Ideally, they would be valorized and considered as other
secondary products with a particular avoided burden, but it is
not clear if it would be possible to couple the different
productions and sell all its products in the market. It should
also be considered that additional process details could be
given to take into account other complexities, but given the
scope of this work, only the major units and key performance
contributors are considered. Further detailed engineering
approaches can be found in specialized works.

https://doi.org/10.1021/acs.iecr.1c04295
Ind. Eng. Chem. Res. 2022, 61, 6163-6172
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2.2.3. Scenarios and Life Cycle Inventories. Life cycle
inventories are obtained from a built-in process model for each
of the major units as described in previous works.”>** A life
cycle inventory (LCI) combines (i) process values from the
literature for the TC unit, the CO, capture, and other
secondary units; (ii) a black-box model for the ER unit; and
(iii) a set of simulations with Aspen Plus for the distillation
step. It is defined in three cases of study depending on the time
horizon considered:

e Today: In today’s scenario we compare the environ-
mental impacts of the fossil-based MeOH with the
renewable MeOH from CO, hydrogenation in the
Vulcanol process. This case study considers that the EC
technology is not ready for massive deployment, and the
TC route is limited to local frameworks. The fossil-based
LCI is given from the Ecoinvent database 3.7,°* while
the Vulcanol datasheet is used for the CO,-based MeOH
LCL® Two subscenarios are defined for the conven-
tional route: (1) electricity needs to be covered by the
European grid mix, as given in the original inventory;
(2) electricity needs are fully covered with wind energy,
assuming an optimistic locally beneficial situation.

Near Future (2020—2030): This case studies the local
conditions that make viable (carbon negative) the
implementation of the hMeOH route. This scenario
assumes that the H, has become an attractive alternative
for decarbonizing certain applications, but with an
ongoing energy transition, there is a significant location
variability in the availability of low-carbon electricity.
The hMeOH route is the only viable high-scale
decarbonization alternative, considering that the
eMeOH route is still uncompetitive and at a low TRL.
The process values used for the LCI are taken in a range
from experimental work.”****>*' Additional information
on energy demands used is shown in Table S1 in the
Supporting Information.

Mid-future (2030—2050): In this case, the hMeOH
route is used as a reference to define the electro-
reduction benchmarks that the eMeOH route would
need to achieve to become a competitive alternative in
terms of carbon footprint. Then the environmental
impacts of the CO,-based MeOH with today’s conven-
tional fMeOH are compared. This case assumes that
wind and solar energy dominate the energy landscape
and that heating is electrified by electric boilers with
96% energy efficiency.” The hMeOH route uses the
best-case LCI from the “near future” case study,
assuming that (i) heat for CO, capture is electrified;
(ii) H, electrolysis improves up to 70% efficiency; (iii)
there is optimal heat integration in the MeOH synthesis
and purification. The LCI for the eMeOH route is
obtained by a mathematical process model of the
reaction and purification stages described in previous
studies.”®*”*® The electroreduction variables used in the
model are summarized in Table 1. The low TRL
scenario is based on the parameters reported from the
best lab-scale performer.”” The high TRL values use
similar hypotheses in the parameters as other general ex-
antes LCA/TEA assessments,’ "% so considering an
optimistic future-like scenario.

2.2.4. Impact Categories, Indicators, and Software. An
attributional Life Cycle Assessment (LCA) has been
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Table 1. Scenarios Considered Regarding the Level of TRL
Achieved in the CO, Electrochemical Reactor for Producing
eMeOH

parameter low TRL high TRL
Faradaic efficiency (%) SS 90
electrolysis energy efficiency (%) 35 70
single-pass CO, conversion 30 30
[MeOH] (wt %) 10 40

performed to the scenarios and system boundaries considered.
Given the low TRL of the EC technology, it is performed as an
ex-ante LCA, in which the technology is preliminarily assessed
prior to its industrial application.”" The methodology has
followed the international LCA standards ISO 14040:2006 and
14044:2006.”>”* The impact category method selected was the
Hierarchist ReCiPe 2016 v1.1 (H). It is considered the
midpoint impact category of climate change, fossil depletion,
and land use. The Global Warming Potential (GWP, ), Fossil
Depletion Potential (FDP), and agricultural Land Occupation
Potential (LOP) are used as their respective indicators. The
main software was OpenLCA’* using the GaBi Professional
Database 2020,”° with some exceptions using the Ecoinvent
Database 3.7.”°

3. RESULTS AND DISCUSSION

3.1. Carbon Footprint of Today’'s Methanol Manu-
facture. Figure 3 shows the carbon footprint assessment

[ Fossil heat
[ Fossil electricity
[ Natural gas

[ Renewable electricity
[ Renewable heat
CO; captured

Il Others

. 0.75 0‘5*8 T
S 0.50 A
= 0.295
2 0251 s
S 000
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= —0.251 )
= Wind-powered
$ 0504 industry
2
2 -0754
£
g -1.00 4
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S -1.25- *
©

-1.50 T T

fMeOH Vulcanol

Figure 3. Global warming potential (kg CO,./kg MeOH) of today’s
conventional methanol manufacture (powered by current grid mix or
wind energy) and alternative H,-based Vulcanol process.

under today’s case study. The conventional production of
MeOH has a global warming potential (GWP) of 0.584 kg of
CO,. per kg of MeOH, with the heating needs (0.254 of kg
CO,,/FU) and the CH, used as feedstock (0.231 of kg CO,,/
FU) being the major contributors. These CH, emissions could
be even bigger as they can be severely affected by the natural
gas precedence, the distribution leaks being a critical factor to
manage.77 If the energy needs are decarbonized (“Wind-
powered industry”), the total GWP of conventional fMeOH
decreases to 0.295 kg of CO,./FU. The remaining emissions
are mainly related to the need for CH, during the steam

https://doi.org/10.1021/acs.iecr.1c04295
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reforming process. The Vulcanol process has a direct GWP of
0.178 kg of CO,./FU, with electricity for H, production
counting for almost 80%. As the carbon feedstock is CO,
captured from a geothermal source, it must be attributed
negative emissions of —1.450 kg of CO,./FU, resulting in a net
GWP of the Vulcanol process of —1.272 kg of CO,./FU.
These results show that, even if the conventional production of
MeOH uses low-carbon energy sources, there are still inherent
CO, emissions related to the material needs that the CCU
alternative avoids. In this way, substituting conventional
fMeOH with hMeOH from the Vulcanol process would
avoid more than 1.5 kg of CO,./FU even in the conventional
industry decarbonizes, indicating the potential CO, savings
when using captured CO, as the carbon source.

3.2. Thermochemical CO, Conversion for a Decar-
bonized MeOH Production. Figure 4 displays the GWP of
the renewable MeOH produced from CO, hydrogenation
under the near-future case study as a function of the electricity
carbon intensity supplied to the process. Since the TC process
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consumes a significant amount of energy, the energy source is
critical, with H, electrolysis already consuming around 10
kWh/FU. To supply energy mixes with carbon intensities
higher than 100—140 kg, CO,./kWh produces hMeOH with a
GWP higher than the conventional fossil-based process
(around 0.3—0.6 kg of CO,./FU), making the CCU process
unfeasible. The transition toward wind and solar power along
the whole EU is expected to produce a mean carbon intensity
in 2030 of 75—97 kg of CO,./kWh,”® which would be already
enough to have hMeOH with a GWP between —0.198 kg of
CO,./FU and 0.114 kg of CO,./FU. The benefits of using
dedicated low-carbon technologies enhance even more this
reduction, up to the point of achieving a similar GWP to the
Vulcanol process, on the order of —1.1 kg of CO,./FU when
wind/nuclear power is used.

3.3. Future Alternatives for Renewable MeOH
Production. The midfuture case study for the period
2030—2050 included the EC route as a potential competitor
with the H,-mediated TC route. The question was what
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conditions would be needed to make the process competitive
in terms of carbon footprint. Figure S shows the GWP of the
eMeOH as a function of the most critical electroreduction
performance variables: the electrolysis energy efficiency and
the product concentration. Two energy sources are used: in
the first case, PV solar energy is supplied, resulting in that
energy efficiencies around 40%, and a concentration of at least
20 wt % would be the minimum benchmark to be viable
compared with the conventional process, but being far away
from the hydrogen-based hMeOH. In the second case wind
energy is supplied, and so the eMeOH would provide clear
CO, savings compared with fMeOH even at a similar
performance as in current lab-scale experiments. The
eMeOH could technically compete with the hMeOH if further
efforts are made to push the energy efliciencies close to 70%
and product concentration around 40 wt %, which would
minimize the massive energy needs in the electroreduction and
the distillation process. Only under this situation, could the EC
route be comparable with the TC route. Considering that
actual lab-scale performers™ """ are obtaining an energy
efficiency around 20—35% and concentration lower than 10 wt
%, it is clear that significant research needs to be done to find
better electrocatalysts, improve cell configurations, and
optimize the operating conditions. Other liquid hydrocarbons
such as formic acid (HCOOH) are closer to these values (best
performers®’™ around 60% efficiency and 20 wt %), which
gives positive prospects of finding similar conditions in the
future for the MeOH.

Figure 6 shows the contribution shares for the two eMeOH
subscenarios and hMeOH scenarios for the GWP assessment

[ COzER
I H; electrolysis
[ MeOH reactor

[ Purification
[ Others
[ CO; captured

5
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2
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8 2
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Figure 6. GWP breakdown (kg CO,./kg MeOH) for producing
MeOH in the considered EC (eMeOH) and TC (hMeOH) routes
when PV solar energy is supplied. The beige area stands for GWP of
the fMeOH production.

when supplying PV solar energy. The high TRL eMeOH route
and the hMeOH route perform in similar net GWP of around
—0.5 kg of CO,./FU, reducing almost 1 kg of CO,./FU
compared with the fossil-based route. The low TRL eMeOH
presents a net GWP of 2.06 kg of CO,./FU, not decreasing the
conventional fMeOH route impact (0.303—0.584 kg of CO,./
FU). The purification process is more relevant in the eMeOH
route, especially in the low TRL subscenario where the lower

6168

product concentration out of the reactor (10 wt %) aggravates
the total energy requirements during the MeOH purification.
The comparison between stages for the three MeOH routes is
shown in Table 2.

Table 2. Global Warming Potential Comparison (kg of
CO,./kg of MeOH) for the Considered MeOH Routes”

product raw material preparation  reaction purification
fMeOH 0.233 0.296 0.05S
hMeOH 0.084—1.374" 0.591 0.062
eMeOH (high TRL) 0.086—1.374" 0.603 0.275
eMeOH (low TRL) 0.091—-1.374" 2.743 0.607

“The fMeOH uses electricity from the current grid mix, while
hMeOH and eMeOH use electricity from PV solar energy. bNet CO,
captured and consumed in the process.

Some scenarios have shown significant reductions in the
GWP when substituting the fossil-based fMeOH with
renewable MeOH (hMeOH or high TRL eMeOH). Figure 7
displays for the scenarios in the midfuture case study the
assessment of three indicators: Global Warming Potential
(GWP), Fossil Depletion Potential (FDP), and Land Use
Occupation Potential (LOP). Two energy sources are
analyzed: wind energy and PV solar energy. A first conclusion
is that powering the CCU system (TC or EC routes) with
wind energy reduces between 2 and 3 times the environmental
impacts compared to when using solar energy. The reason is
that wind energy requests fewer abiotic resources to generate
electricity, especially those related to Si production, where
extraction and manufacturing consume significantly more fossil
resources and occupied land. A second conclusion is that in
climate change and fossil depletion the CCU system
outperforms conventional MeOH production, due to the use
of recycled carbon to minimize CO, emissions while displacing
the needs of fossil carbon. For example, considering the mean
values of wind and PV energy, the hMeOH scenario would
proportionate an average CO, savings of —1.36 kg of CO,./FU
and reduce the use of fossil resources by —0.57 kg of oil,,/FU.
Regarding the land, the high energy intensity of both TC and
EC processes, in combination with the higher land require-
ments of renewable energies, impact the total land use with an
increase of 2.4 times in the best case (hMeOH with wind
energy) and 26.6 times in the worst case (Low TRL eMeOH
with PV energy). Examining the values, conventional fMeOH
has a LOP impact of 0.0032 m* annual Crop, per year, while
the mean for the hMeOH scenario is 0.0168 m* annual CIOpeq
per year, around eight times its conventional value.

However, it must be noted that one of the major limitations
in this study is that the electricity supply is being oversimplified
by assuming average capacity factors, and then the mismatch
between generation and demand throughout the year is not
evaluated. Electricity supply is being balanced by an ideal
integration with the electricity grid, which is not a realistic
assumption given the significant daily and seasonal variability
of renewable energy. Supporting energy storage systems could
be used to compensate for these variations within the
production plant and provide a sustained number of hours
to be operational, which could be essential to ensure the
economic viability of the facility. Figure S3 in the Supporting
Information shows an estimation about the effect of
introducing energy storage systems on GWP and FDP, clearly
indicating increments of more than 30% in both indicators
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Figure 7. Assessment of alternative eMeOH and hMeOH routes compared with the fossil-based fMeOH production in (A) global warming
potential (kg CO,./kg MeOH); (B) fossil depletion potential (kg oil,,/kg MeOH); and (C) land occupation potential (m*-yr annual crop./kg

MeOH). The beige area represents conventional fMeOH production.

when at least 20% of the energy comes from batteries. Further
consideration in the intermittent use of stored energy when
achieving higher values of technology implementation should

be addressed.

4. CONCLUSIONS

This work envelops the environmental benefits and trade-offs
that hydrogen utilization could bring to society when coupled
with CO, for producing renewable MeOH (hMeOH) in
comparison with the current fossil-based (fMeOH) and future
electrochemical-based methanol (eMeOH). Regarding the
2030/2050 climate neutrality objectives, the decarbonization
of fuels and chemicals must be tackled, and methanol, one of
the major global commodities, needs critical technological
changes in the coming years. In the near term, implementing
CCU alternatives by hydrogenating CO, to MeOH (hMeOH)
can be a local solution when renewable electricity and ready-
to-capture industrial CO, are available. For the period from
2030 to 2050, the production of hMeOH can be an interesting
climate mitigation technology when paired with energy carbon
intensities of 150 kg of CO,.,/MWh or lower. Considering the
rapid evolution and massive installation of wind/PV solar in
projected national plans and the economic incentives for
carbon reduction in industries, development at a larger scale of
electro-intensified plants using H, for producing hMeOH
could bring a CO, emissions reduction between 1.25 and 7.9
kg of CO,, per kg of H, produced. When electricity is supplied
at carbon intensities between 10 and 100 Kg CO,.,/MWh

Regarding the long run (2050 in advance), we evaluated the
electrochemical conversion of CO, as an emerging technology
that could displace the H,-based route thanks to its flexibility
and avoidance of H, as an intermediary. We concluded that
electrochemical-based MeOH (eMeOH) could be a compel-
ling alternative when electrolysis performance reaches a 70%
energy efficiency and 40% product concentration. In that
future foresight, the complete transition from today to
renewable-powered MeOH production could be translated
into substantial savings of CO, emissions (0.99—1.57 kg of
CO,./kg MeOH) and fossil resources (0.44—0.61 kg of oil,,/
kg MeOH), depending on the electricity source and
conversion pathway. However, given the electro-intensification
of the CCU alternatives and the minor power density of wind/
solar resources, the total land use impact would increase from
2.4 to 26.6 times the actual impact for MeOH production
(fMeOH).

This study provides a comprehensive perspective about the
environmental prospects of using H, for MeOH production
and defines scenarios in time and space in which alternatives as
the direct CO, electroreduction may arise. Additional
considerations in economics should be addressed in future
studies, as well as exploring other competitive options. Given
the high dependency on electricity supply, photochemical
alternatives for producing H, or directly MeOH could be of
significant interest to study. Finally, the evaluation of
optimized local solutions concerning hydrogen storage, energy
supply, and unit integration should be attended. We hope that
all these advances may help in the future in the penetration of
CCU alternatives as a climate change mitigation solution and
the transition from a fossil and linear-based economy to a
circular and nonfossil one.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295.

Energy demands for CO, hydrogenation, considerations
of process units, and electroreduction modeling details
(DOCX)

B AUTHOR INFORMATION

Corresponding Author
Angel Irabien — Department of Chemical and Biomolecular
Engineering, Universidad de Cantabria, 39005 Santander,
Spain; © orcid.org/0000-0002-2411-4163; Phone: (+34)
942 201597; Email: angel.irabien@unican.es

Authors

Javier Fernandez-Gonzalez — Department of Chemical and
Biomolecular Engineering, Universidad de Cantabria, 39005
Santander, Spain

Marta Rumayor — Department of Chemical and Biomolecular
Engineering, Universidad de Cantabria, 39005 Santander,
Spain

Antonio Dominguez-Ramos — Department of Chemical and
Biomolecular Engineering, Universidad de Cantabria, 39005
Santander, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.iecr.1c04295

https://doi.org/10.1021/acs.iecr.1c04295
Ind. Eng. Chem. Res. 2022, 61, 6163-6172


https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c04295/suppl_file/ie1c04295_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angel+Irabien"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2411-4163
mailto:angel.irabien@unican.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Ferna%CC%81ndez-Gonza%CC%81lez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+Rumayor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Domi%CC%81nguez-Ramos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c04295?fig=fig7&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c04295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the Spanish Ministry of Economy and
Competitiveness (MINECO) for the financial support through
the project PID2020-114787-RB-100. Javier Fernandez-Gonza-
lez would like to thank the Spanish Ministry of Science,
Innovation and Universities for financial support in the form of
a FPU grant (19/05483).

B ABBREVIATIONS

CC = climate change

CF = carbon footprint

CCU = Carbon Capture and Utilization
ER = electro-reduction

EC = electrochemical

eMeOH = electroreduction-based MeOH
FDP = fossil depletion potential
hMeOH = hydrogen-based MeOH
LOP = land occupation potential

LCA = life cycle assessment

LCI = life cycle inventory

PtX = Power-to-X

TC = thermochemical

TEA = technoeconomic assessment

B REFERENCES

(1) Global Energy Review: CO2 Emissions in 2020, International
Energy Agency: 2021.

(2) Masson-Delmotte, V., Zhai, P.; Pirani, A.; Connors, S. L.; Péan,
C.; Berger, S.; Caud, N.; Chen, Y.; Goldfarb, L.; Gomis, M. I; et al.
Summary for Policymakers. In: Climate Change 2021: The Physical
Science Basis. Contribution of Working Group I to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change; IPCC: 2021.
DOI: 10.1260/095830507781076194.

(3) United Nations Framework Convention on Climate Change
(UNFCCC). The Paris Agreement; United Nations: 2016.

(4) European Comission. A European Green Deal; European
Commission: 2019; p 24.

(5) H.Res.109 - Recognizing the Duty of the Federal Government to
Create a Green New Deal; US Govt.: 2019.

(6) Rogelj, J.; Shindell, D.; Jiang, K.; Fifita, S.; Forster, P.; Ginzburg,
V.; Handa, C.; Kheshgi, H.; Kobayashi, S.; Kriegler, E.; Mundaca, L.;
Seferian, R.; Vilarino, M. V. IPCC Special Report 2018 - Chapter 2 -
Mitigation Pathways Compatible With 1.5°C in the Context of
Sustainable Development; IPCC: 2018.

(7) Innovation Landscape for a Renewable-Powered Future: Solutions to
Integrate Variable Renewables; International Renewable Energy Agency
(IRENA): Abu Dhabi, 2019.

(8) Transforming Industry through CCUS; IEA: 2019.
DOI: 10.1787/09689323-en.

(9) Schiffer, Z. J.; Manthiram, K. Electrification and Decarbonization
of the Chemical Industry. Joule 2017, 1 (1), 10—14.

(10) The European Cement Association (CEMBUREAU). Cement-
ing the European Green Deal - The Roadmap 2020, 1-38.

(11) Low Carbon Roadmap: Pathways to a CO2-Neutral European
Steel Industry. The European Steel Association (EUROFER):2019;
No. November, p 18.

(12) Maestre, V. M,; Ortiz, A.; Ortiz, I. Challenges and Prospects of
Renewable Hydrogen-Based Strategies for Full Decarbonization of
Stationary Power Applications. Renewable and Sustainable Energy
Reviews 2021, 152, 111628.

(13) Sternberg, A.; Bardow, A. Power-to-What? — Environmental
Assessment of Energy Storage Systems. Energy Environ. Sci. 2015, 8
(2), 389—400.

6170

(14) Mesfun, S.; Sanchez, D. L. Leduc, S.; Wetterlund, E.;
Lundgren, J.; Biberacher, M.; Kraxner, F. Power-to-Gas and Power-
to-Liquid for Managing Renewable Electricity Intermittency in the
Alpine Region. Renewable Energy 2017, 107, 361—372.

(15) Roh, K; Bardow, A; Bongartz, D.; Burre, J.; Chung, W.; Deutz,
S.; Han, D.; Heffelmann, M.; Kohlhaas, Y.; Konig, A.; Lee, J. S.; Meys,
R,; Volker, S.; Wessling, M.; Lee, J. H;; Mitsos, A. Early-Stage
Evaluation of Emerging CO2utilization Technologies at Low
Technology Readiness Levels. Green Chem. 2020, 22 (12), 3842—
3859.

(16) Chauvy, R;; Meunier, N.; Thomas, D.; De Weireld, G. Selecting
Emerging CO2 Utilization Products for Short- to Mid-Term
Deployment. Applied Energy 2019, 236 (April 2018), 662—680.

(17) Rosa, R. The Role of Synthetic Fuels for a Carbon Neutral
Economy. C 2017, 3 (4), 11.

(18) Mebrahtu, C.; Krebs, F.; Abate, S.; Perathoner, S.; Centi, G.;
Palkovits, R. CO2Methanation: Principles and Challenges. Stud. Surf.
Sci. Catal. 2019, 178, 85—103.

(19) Olah, G. A.; Prakash, G. K. S.; Goeppert, A. Anthropogenic
Chemical Carbon Cycle for a Sustainable Future. J. Am. Chem. Soc.
2011, 133 (33), 12881—12898.

(20) Olah, G. A;; Goeppert, A.; Prakash, G. K. S. Beyond Oil and
Gas: The Methanol Economy: Second Edition. Beyond Oil and Gas:
The Methanol Economy: Second Edition 2009, 1—334.

(21) Bisotti, F.; Fedeli, M.; Prifti, K.; Galeazzi, A.; Dell’Angelo, A.;
Barbieri, M.; Pirola, C.; Bozzano, G.; Manenti, F. Century of
Technology Trends in Methanol Synthesis: Any Need for Kinetics
Refitting? Ind. Eng. Chem. Res. 2021, 60 (44), 16032—16053.

(22) Methanex Investor Presentation Forward-Looking Statements &
Non-GAAP Measures; Methanex: 20185.

(23) Innovation Outlook: Renewable Methanol; International Renew-
able Energy Agency (IRENA): 2021.

(24) CRI - Carbon Recycling International. Drive Change with
Renewable Methanol https://www.carbonrecycling.is/products (ac-
cessed 2021-09-04).

(25) MefCO, Project. MefCO, - Methanol fuel from CO2. http://
www.mefco2.eu/index.php#TOP (accessed 2021-09-02).

(26) Pérez-Fortes, M.; Schoneberger, J. C.; Boulamanti, A.; Tzimas,
E. Methanol Synthesis Using Captured CO2 as Raw Material:
Techno-Economic and Environmental Assessment. Applied Energy
2016, 161, 718—732.

(27) Matzen, M.; Demirel, Y. Methanol and Dimethyl Ether from
Renewable Hydrogen and Carbon Dioxide: Alternative Fuels
Production and Life-Cycle Assessment. Journal of Cleaner Production
2016, 139, 1068—1077.

(28) Van-Dal, E. S.; Bouallou, C. Design and Simulation of a
Methanol Production Plant from CO2 Hydrogenation. Journal of
Cleaner Production 2013, 57, 38—4S5.

(29) Kiss, A. A; Pragt, J. J; Vos, H. J.; Bargeman, G.; de Groot, M.
T. Novel Efficient Process for Methanol Synthesis by CO2
Hydrogenation. Chemical Engineering Journal 2016, 284, 260—269.

(30) Kim, J.; Henao, C. A.; Johnson, T. A.; Dedrick, D. E.; Miller, J.
E.; Stechel, E. B.; Maravelias, C. T. Methanol Production from CO 2
Using Solar-Thermal Energy: Process Development and Techno-
Economic Analysis. Energy Environ. Sci. 2011, 4 (9), 3122—3132.

(31) Sternberg, A.; Jens, C. M.; Bardow, A. Life Cycle Assessment of
CO2-Based C1-Chemicals. Green Chem. 2017, 19 (9), 2244—2259.

(32) Gonzalez-Garay, A.; Frei, M. S.; Al-Qahtani, A.; Mondelli, C;
Guillén-Gosélbez, G.; Pérez-Ramirez, J. Plant-to-Planet Analysis of
CO 2 -Based Methanol Processes. Energy Environ. Sci. 2019, 12 (12),
3425-3436.

(33) Kamkeng, A. D. N;; Wang, M,; Hu, J; Du, W,; Qian, F.
Transformation Technologies for CO2 Utilisation: Current Status,
Challenges and Future Prospects. Chemical Engineering Journal 2021,
409, 128138.

(34) Martin, M. Methodology for Solar and Wind Energy Chemical
Storage Facilities Design under Uncertainty: Methanol Production
from CO2 and Hydrogen. Comput. Chem. Eng. 2016, 92, 43—54.

https://doi.org/10.1021/acs.iecr.1c04295
Ind. Eng. Chem. Res. 2022, 61, 6163-6172


https://doi.org/10.1260/095830507781076194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1787/09689323-en?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.joule.2017.07.008
https://doi.org/10.1016/j.joule.2017.07.008
https://doi.org/10.1016/j.rser.2021.111628
https://doi.org/10.1016/j.rser.2021.111628
https://doi.org/10.1016/j.rser.2021.111628
https://doi.org/10.1039/C4EE03051F
https://doi.org/10.1039/C4EE03051F
https://doi.org/10.1016/j.renene.2017.02.020
https://doi.org/10.1016/j.renene.2017.02.020
https://doi.org/10.1016/j.renene.2017.02.020
https://doi.org/10.1039/C9GC04440J
https://doi.org/10.1039/C9GC04440J
https://doi.org/10.1039/C9GC04440J
https://doi.org/10.1016/j.apenergy.2018.11.096
https://doi.org/10.1016/j.apenergy.2018.11.096
https://doi.org/10.1016/j.apenergy.2018.11.096
https://doi.org/10.3390/c3020011
https://doi.org/10.3390/c3020011
https://doi.org/10.1016/B978-0-444-64127-4.00005-7
https://doi.org/10.1021/ja202642y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja202642y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9783527627806
https://doi.org/10.1002/9783527627806
https://doi.org/10.1021/acs.iecr.1c02877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c02877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c02877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.carbonrecycling.is/products
http://www.mefco2.eu/index.php#TOP
http://www.mefco2.eu/index.php#TOP
https://doi.org/10.1016/j.apenergy.2015.07.067
https://doi.org/10.1016/j.apenergy.2015.07.067
https://doi.org/10.1016/j.jclepro.2016.08.163
https://doi.org/10.1016/j.jclepro.2016.08.163
https://doi.org/10.1016/j.jclepro.2016.08.163
https://doi.org/10.1016/j.jclepro.2013.06.008
https://doi.org/10.1016/j.jclepro.2013.06.008
https://doi.org/10.1016/j.cej.2015.08.101
https://doi.org/10.1016/j.cej.2015.08.101
https://doi.org/10.1039/c1ee01311d
https://doi.org/10.1039/c1ee01311d
https://doi.org/10.1039/c1ee01311d
https://doi.org/10.1039/C6GC02852G
https://doi.org/10.1039/C6GC02852G
https://doi.org/10.1039/C9EE01673B
https://doi.org/10.1039/C9EE01673B
https://doi.org/10.1016/j.cej.2020.128138
https://doi.org/10.1016/j.cej.2020.128138
https://doi.org/10.1016/j.compchemeng.2016.05.001
https://doi.org/10.1016/j.compchemeng.2016.05.001
https://doi.org/10.1016/j.compchemeng.2016.05.001
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c04295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

(35) Irabien, A.; Alvarez-Guerra, M.; Albo, J.; Dominguez-Ramos, A.
Electrochemical Conversion of CO 2 to Value-Added Products.
Electrochem. Water Wastewater Treatment 2018, 29—59.

(36) Endrddi, B.; Bencsik, G.; Darvas, F.; Jones, R;; Rajeshwar, K.;
Jandky, C. Continuous-Flow Electroreduction of Carbon Dioxide.
Prog. Energy Combust. Sci. 2017, 62, 133—154.

(37) Albo, J.; Alvarez-Guerra, M.; Castafio, P.; Irabien, A. Towards
the Electrochemical Conversion of Carbon Dioxide into Methanol.
Green Chem. 2015, 17 (4), 2304—2324.

(38) Ju, H. K;; Kaur, G.; Kulkarni, A. P.; Giddey, S. Challenges and
Trends in Developing Technology for Electrochemically Reducing
CO 2 in Solid Polymer Electrolyte Membrane Reactors. Journal of
CO2 Utilization 2019, 32, 178—186.

(39) Adnan, M. A,; Kibria, M. G. Comparative Techno-Economic
and Life-Cycle Assessment of Power-to-Methanol Synthesis Pathways.
Applied Energy 2020, 278 (July), 115614.

(40) Kibria Nabil, S.; McCoy, S.; Kibria, M. G. Comparative Life
Cycle Assessment of Electrochemical Upgrading of CO 2 to Fuels and
Feedstocks. Green Chem. 2021, 23 (2), 867—880.

(41) Guzman, H.; Salomone, F.; Batuecas, E.; Tommasi, T.; Russo,
N.; Bensaid, S.; Hernidndez, S. How to Make Sustainable CO2
Conversion to Methanol: Thermocatalytic versus Electrocatalytic
Technology. Chemical Engineering Journal 2021, 417, 127973.

(42) Al-Kalbani, H.; Xuan, J.; Garcia, S.; Wang, H. Comparative
Energetic Assessment of Methanol Production from CO2: Chemical
versus Electrochemical Process. Applied Energy 2016, 165, 1—13.

(43) Samiee, L.; Gandzha, S. Power to Methanol Technologies via
CO 2 Recovery: CO 2 Hydrogenation and Electrocatalytic Routes.
Reviews in Chemical Engineering 2021, 37 (5), 619—641.

(44) Yang, L.; Ge, X. Biogas and Syngas Upgrading 2016, 1, 125—
188.

(45) Abu-Zahra, M. R. M.; Niederer, J. P. M.; Feron, P. H. M,;
Versteeg, G. F. CO2 Capture from Power Plants. International Journal
of Greenhouse Gas Control 2007, 1 (2), 135—142.

(46) Romeo, L. M.; Bolea, L; Escosa, J. M. Integration of Power
Plant and Amine Scrubbing to Reduce CO2 Capture Costs. Applied
Thermal Engineering 2008, 28 (8—9), 1039—1046.

(47) Khalilpour, R.; Mumford, K.; Zhai, H.; Abbas, A.; Stevens, G.;
Rubin, E. S. Membrane-Based Carbon Capture from Flue Gas: A
Review. Journal of Cleaner Production 2015, 103, 286—300.

(48) Boot-Handford, M. E.; Abanades, J. C.; Anthony, E. J.; Blunt,
M. J; Brandani, S.; Mac Dowell, N.; Fernandez, J. R.; Ferrari, M.-C.;
Gross, R.; Hallett, J. P.; Haszeldine, R. S.; Heptonstall, P.; Lyngfelt,
A.; Makuch, Z.; Mangano, E.; Porter, R. T. J; Pourkashanian, M.;
Rochelle, G. T.; Shah, N,; Yao, J. G.; Fennell, P. S. Carbon Capture
and Storage Update. Energy Environ. Sci. 2014, 7 (1), 130—189.

(49) Giordano, L.; Roizard, D.; Favre, E. Life Cycle Assessment of
Post-Combustion CO 2 Capture: A Comparison between Membrane
Separation and Chemical Absorption Processes. International Journal
of Greenhouse Gas Control 2018, 68, 146—163.

(50) Bains, P.; Psarras, P.; Wilcox, J. CO 2 Capture from the
Industry Sector. Prog. Energy Combust. Sci. 2017, 63, 146—172.

(51) Colella, W. G.; James, B. D.; Moron, J. M.; Saur, G.; Ramsden,
T. Techno-Economic Analysis of PEM Electrolysis for Hydrogen
Production; NREL: 2014.

(52) Stangeland, K; Li, H; Yu, Z. CO2 Hydrogenation to
Methanol: The Structure—Activity Relationships of Different Catalyst
Systems. Energy, Ecology and Environment 2020, S (4), 272—28S.

(53) Burdyny, T.; Smith, W. A. CO2 Reduction on Gas-Diffusion
Electrodes and Why Catalytic Performance Must Be Assessed at
Commercially-Relevant Conditions. Energy Environ. Sci. 2019, 12 (S),
1442—1453.

(54) Albo, J.; Irabien, A. Cu20-Loaded Gas Diffusion Electrodes for
the Continuous Electrochemical Reduction of CO2 to Methanol. J.
Catal. 2016, 343, 232—239.

(55) Albo, J.; Beobide, G.; Castafio, P.; Irabien, A. Methanol
Electrosynthesis from CO2 at Cu20/ZnO Prompted by Pyridine-
Based Aqueous Solutions. Journal of CO2 Utilization 2017, 18, 164—
172.

6171

(56) Zhao, S.; Guo, S.; Zhu, C.; Gao, J.; Li, H,; Huang, H,; Liu, Y,;
Kang, Z. Achieving Electroreduction of CO2 to CH30H with High
Selectivity Using a Pyrite—Nickel Sulfide Nanocomposite. RSC Adb.
2017, 7 (3), 1376—1381.

(57) Yang, D.; Zhu, Q; Chen, C; Liu, H; Liu, Z.; Zhao, Z.; Zhang,
X,; Liu, S.; Han, B. Selective Electroreduction of Carbon Dioxide to
Methanol on Copper Selenide Nanocatalysts. Nat. Commun. 2019, 10
(1), 1-9.

(58) Rumayor, M.; Dominguez-Ramos, A.; Irabien, A. Innovative
Alternatives to Methanol Manufacture: Carbon Footprint Assessment.
Journal of Cleaner Production 2019, 225, 426—434.

(59) Rumayor, M.; Dominguez-Ramos, A.; Irabien, A. Environ-
mental and Economic Assessment of the Formic Acid Electrochemical
Manufacture Using Carbon Dioxide: Influence of the Electrode
Lifetime. Sustainable Production and Consumption 2019, 18, 72—82.

(60) Sisler, J.; Khan, S.; Ip, A. H; Schreiber, M. W,; Jaffer, S. A;
Bobicki, E. R;; Dinh, C.-T.; Sargent, E. H. Ethylene Electrosynthesis:
A Comparative Techno-Economic Analysis of Alkaline vs Membrane
Electrode Assembly vs CO 2 — CO—C 2 H 4 Tandems. ACS Energy
Letters 2021, 6 (3), 997—1002.

(61) Miiller, L. J.; Kitelhén, A.; Bringezu, S.; McCoy, S.; Suh, S;
Edwards, R.; Sick, V.; Kaiser, S.; Cuéllar-Franca, R.; El Khamlichi, A.;
Lee, J. H.; von der Assen, N.; Bardow, A. The Carbon Footprint of
the Carbon Feedstock CO 2. Energy Environ. Sci. 2020, 13 (9), 2979—
2992.

(62) Fernandez-Gonzélez, J.; Rumayor, M.; Dominguez-Ramos, A.;
Irabien, A. CO2 Electroreduction: Sustainability Analysis of the
Renewable Synthetic Natural Gas. International Journal of Greenhouse
Gas Control 2022, 114, 103549.

(63) Rumayor, M.; Fernindez-Gonzélez, J.; Dominguez-Ramos, A.;
Irabien, A. Deep Decarbonization of the Cement Sector: A
Prospective Environmental Assessment of CO2 Recycling to
Methanol. ACS Sustainable Chem. Eng. 2022, 10, 267.

(64) Swiss Centre for Life Cycle Inventories. Ecoinvent database, ver.
3.7; Ecoinvent: 2020.

(65) CRI - Carbon Recycling International. Renewable Methanol
Process Stages - Technical Brochure. https://www.carbonrecycling.is/
technology (accessed 2021-09-08).

(66) Yilmaz, H. U.; Keles, D.; Chiodi, A.; Hartel, R.; Mikuli¢, M.
Analysis of the Power-to-Heat Potential in the European Energy
System. Energy Strategy Reviews 2018, 20, 6—19.

(67) Rumayor, M.; Dominguez-Ramos, A.; Irabien, A. Feasibility
Analysis of a CO 2 Recycling Plant for the Decarbonization of
Formate and Dihydroxyacetone Production. Green Chem. 2021, 23
(13), 4840—4851.

(68) Rumayor, M.; Dominguez-Ramos, A.; Irabien, A. Toward the
Decarbonization of Hard-To-Abate Sectors: A Case Study of the Soda
Ash Production. ACS Sustainable Chem. Eng. 2020, 8 (32), 11956—
11966.

(69) Jouny, M.; Luc, W,; Jiao, F. General Techno-Economic Analysis
of CO 2 Electrolysis Systems. Ind. Eng. Chem. Res. 2018, S7 (6),
2165-2177.

(70) Spurgeon, J. M.; Kumar, B. A Comparative Technoeconomic
Analysis of Pathways for Commercial Electrochemical CO2
Reduction to Liquid Products. Energy Environ. Sci. 2018, 11 (6),
1536—1551.

(71) Cucurachi, S.; van der Giesen, C.; Guinée, J. Ex-Ante LCA of
Emerging Technologies. Procedia CIRP 2018, 69 (May), 463—468.

(72) ISO 14040: Environmental management- Life cycle assessment-
Principles and framework; International Organization for Stand-
ardization: 2006.

(73) ISO 14044: Environmental management- Life cycle assessment-
Requirements and guidelines; International Organization for Stand-
ardization: 2006

(74) GreenDelta. openLCA. https://www.openlca.org/. (accessed
2021-09-07).

(75) GaBi Professional Database; Sphera: 2020.

(76) Swiss Centre for Life Cycle Inventories. Ecoinvent database, ver.
3.7; Ecoinvent: 2020.

https://doi.org/10.1021/acs.iecr.1c04295
Ind. Eng. Chem. Res. 2022, 61, 6163-6172


https://doi.org/10.1016/B978-0-12-813160-2.00002-X
https://doi.org/10.1016/j.pecs.2017.05.005
https://doi.org/10.1039/C4GC02453B
https://doi.org/10.1039/C4GC02453B
https://doi.org/10.1016/j.jcou.2019.04.003
https://doi.org/10.1016/j.jcou.2019.04.003
https://doi.org/10.1016/j.jcou.2019.04.003
https://doi.org/10.1016/j.apenergy.2020.115614
https://doi.org/10.1016/j.apenergy.2020.115614
https://doi.org/10.1039/D0GC02831B
https://doi.org/10.1039/D0GC02831B
https://doi.org/10.1039/D0GC02831B
https://doi.org/10.1016/j.cej.2020.127973
https://doi.org/10.1016/j.cej.2020.127973
https://doi.org/10.1016/j.cej.2020.127973
https://doi.org/10.1016/j.apenergy.2015.12.027
https://doi.org/10.1016/j.apenergy.2015.12.027
https://doi.org/10.1016/j.apenergy.2015.12.027
https://doi.org/10.1515/revce-2019-0012
https://doi.org/10.1515/revce-2019-0012
https://doi.org/10.1016/S1750-5836(07)00032-1
https://doi.org/10.1016/j.applthermaleng.2007.06.036
https://doi.org/10.1016/j.applthermaleng.2007.06.036
https://doi.org/10.1016/j.jclepro.2014.10.050
https://doi.org/10.1016/j.jclepro.2014.10.050
https://doi.org/10.1039/C3EE42350F
https://doi.org/10.1039/C3EE42350F
https://doi.org/10.1016/j.ijggc.2017.11.008
https://doi.org/10.1016/j.ijggc.2017.11.008
https://doi.org/10.1016/j.ijggc.2017.11.008
https://doi.org/10.1016/j.pecs.2017.07.001
https://doi.org/10.1016/j.pecs.2017.07.001
https://doi.org/10.1007/s40974-020-00156-4
https://doi.org/10.1007/s40974-020-00156-4
https://doi.org/10.1007/s40974-020-00156-4
https://doi.org/10.1039/C8EE03134G
https://doi.org/10.1039/C8EE03134G
https://doi.org/10.1039/C8EE03134G
https://doi.org/10.1016/j.jcat.2015.11.014
https://doi.org/10.1016/j.jcat.2015.11.014
https://doi.org/10.1016/j.jcou.2017.02.003
https://doi.org/10.1016/j.jcou.2017.02.003
https://doi.org/10.1016/j.jcou.2017.02.003
https://doi.org/10.1039/C6RA26868D
https://doi.org/10.1039/C6RA26868D
https://doi.org/10.1038/s41467-019-08653-9
https://doi.org/10.1038/s41467-019-08653-9
https://doi.org/10.1016/j.jclepro.2019.03.015
https://doi.org/10.1016/j.jclepro.2019.03.015
https://doi.org/10.1016/j.spc.2018.12.002
https://doi.org/10.1016/j.spc.2018.12.002
https://doi.org/10.1016/j.spc.2018.12.002
https://doi.org/10.1016/j.spc.2018.12.002
https://doi.org/10.1021/acsenergylett.0c02633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0EE01530J
https://doi.org/10.1039/D0EE01530J
https://doi.org/10.1016/j.ijggc.2021.103549
https://doi.org/10.1016/j.ijggc.2021.103549
https://doi.org/10.1021/acssuschemeng.1c06118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c06118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c06118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.carbonrecycling.is/technology
https://www.carbonrecycling.is/technology
https://doi.org/10.1016/j.esr.2017.12.009
https://doi.org/10.1016/j.esr.2017.12.009
https://doi.org/10.1039/D1GC01042E
https://doi.org/10.1039/D1GC01042E
https://doi.org/10.1039/D1GC01042E
https://doi.org/10.1021/acssuschemeng.0c01598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c01598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c01598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b03514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b03514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8EE00097B
https://doi.org/10.1039/C8EE00097B
https://doi.org/10.1039/C8EE00097B
https://doi.org/10.1016/j.procir.2017.11.005
https://doi.org/10.1016/j.procir.2017.11.005
https://www.openlca.org/
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c04295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

(77) Tollefson, J. Methane Leaks Erode Green Credentials of
Natural Gas. Nature 2013, 493 (7430), 12—12.

(78) EEA. Greenhouse Gas Emission Intensity of Electricity Generation
in Europe; European Environment Agency: 2021.

(79) Ly, L.; Sun, X.; Ma, J.; Yang, D.; Wu, H.; Zhang, B.; Zhang, J.;
Han, B. Highly Efficient Electroreduction of CO 2 to Methanol on
Palladium-Copper Bimetallic Aerogels. Angew. Chem., Int. Ed. 2018,
57 (43), 14149—14153.

(80) Fan, L; Xia, C; Zhu, P.; Lu, Y.; Wang, H. Electrochemical
CO2 Reduction to High-Concentration Pure Formic Acid Solutions
in an All-Solid-State Reactor. Nat. Commun. 2020, 11 (1), 3633.

(81) Garcia de Arquer, F. P.; Dinh, C. T.; Ozden, A.; Wicks, J;
McCallum, C.; Kirmani, A. R; Nam, D. H.; Gabardo, C.;
Seifitokaldani, A.; Wang, X,; Li, Y. C; Li, F,; Edwards, J.; Richter,
L. J; Thorpe, S. J; Sinton, D.; Sargent, E. H. CO2 Electrolysis to
Multicarbon Products at Activities Greater than 1 A Cm—2. Science
2020, 367 (6478), 661—666. .

(82) Diaz-Sainz, G.; Alvarez-Guerra, M.; Avila-Bolivar, B.; Solla-
Gullén, J.; Montiel, V.; Irabien, A. Improving Trade-Offs in the
Figures of Merit of Gas-Phase Single-Pass Continuous CO2
Electrocatalytic Reduction to Formate. Chem. Eng. ]. 2021, 405,
12696S.

(83) Lee, W.; Kim, Y. E; Youn, M. H,; Jeong, S. K; Park, K. T.
Catholyte-Free Electrocatalytic CO 2 Reduction to Formate. Angew.
Chem., Int. Ed. 2018, 57 (23), 6883—6887.

MATERIALS B

AN OPEN ACCESS JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Editor-in-Chief: Prof. Shelley D. Minteer, University of Utah, USA

Deputy Editor:
4 Prof. Stephanie L. Brock
Wayne State University, USA

Open for Submissions [}

ACS Publications

pubs.acs.org/materialsau Most Trusted. Most Cited. Most Read.

6172 https://doi.org/10.1021/acs.iecr.1c04295
Ind. Eng. Chem. Res. 2022, 61, 6163-6172


https://doi.org/10.1038/493012a
https://doi.org/10.1038/493012a
https://doi.org/10.1002/anie.201808964
https://doi.org/10.1002/anie.201808964
https://doi.org/10.1038/s41467-020-17403-1
https://doi.org/10.1038/s41467-020-17403-1
https://doi.org/10.1038/s41467-020-17403-1
https://doi.org/10.1126/science.aay4217
https://doi.org/10.1126/science.aay4217
https://doi.org/10.1016/j.cej.2020.126965
https://doi.org/10.1016/j.cej.2020.126965
https://doi.org/10.1016/j.cej.2020.126965
https://doi.org/10.1002/anie.201803501
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c04295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/materialsau?utm_source=pcm&utm_medium=pdf_stamp&utm_campaign=PUBS_0522_MJS_MG_amacgu_ACS_Pubs_Ads&src=PUBS_0522_MJS_MG_amacgu_ACS_Pubs_Ads

