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ABSTRACT: Electrochemical reduction of CO2 removed from
biosyngas into value-added methanol (CH3OH) provides an
attractive way to mitigate climate change, realize CO2 utilization,
and improve the overall process efficiency of biomass gasification.
However, the economic and environmental feasibilities of this
technology are still unclear. In this work, economic and
environmental assessments for the stand-alone CO2 electro-
chemical reduction (CO2R) toward CH3OH with ionic liquid as
the electrolyte and the integrated process that combined CO2R
with biomass gasification were conducted systematically to identify
key economic drivers and provide technological indexes to be
competitive. The results demonstrated that costs of investment
associated with CO2R and electricity are the main contributors to
the total production cost (TPC). Integration of CO2R with CO2 capture/purification and biomass gasification could decrease TPC
by 28%−66% under the current and future conditions, highlighting the importance of process integration. Energy and environmental
assessment revealed that the energy for CO2R dominated the main energy usage and CO2 emissions, and additionally, the energy
structure has a great influence on environmental feasibility. All scenarios could provide climate benefits over the conventional coal-
to-CH3OH process if renewable sources are used for electricity generation.
KEYWORDS: Electrochemical reduction, carbon dioxide, methanol production, economic analysis, environmental assessment, energy

■ INTRODUCTION
Reducing fossil CO2 emissions has become of great importance
to achieve a climate-neutral target by 2050. It was reported that
global fossil CO2 emissions reached 36.4 Gt in 2021,
corresponding to a 60% increase over 1990.1 Replacing fossil
fuels with renewable energy sources and integrating carbon
capture, utilization, and storage (CCUS) into the fossil-fuel-
based plants are promising approaches to tackle climate
change. In particular, combining CCUS with biofuel-based
processes has been proposed to achieve negative carbon
emissions, among which biomass gasification to produce
renewable and sustainable transportation fuels has gained
great interest with intensive research.2

The overall chain of biomass gasification consists of
gasification to produce raw syngas, gas cleaning, and syngas
conversion to fuels. Within a part of gas cleaning, CO2 removal
is key. For CO2 removal, different technologies have been
developed, and some have been commercialized. Among them,
absorption technology is the most widely used, and aqueous
monoethanolamine (MEA) is the most commonly applied
solvent in industries. However, absorption technology with
MEA suffers from the drawbacks of high energy usage, high
solvent loss, and degradation,3 and thus, novel absorbents with

low heat capacity and high stability are under development,
such as ionic liquids (ILs).4

The captured/removed CO2 can be directly emitted into the
atmosphere or compressed and transported for storage.
Besides, CO2 is also the most abundant carbon source for
many value-added chemicals/fuels. Converting the captured/
removed CO2 to carbon-based products can be a promising
method to replace CO2 storage, developing a sustainable
carbon-based economy. CO2 conversion can be performed
through thermochemical, biological, photocatalytic, and
electrochemical means. Among them, CO2 electrochemical
reduction (CO2R) is becoming more and more important due
to its mild reaction condition and excellent coupling to
intermittent renewable energy sources, such as wind and solar
power. Currently, various products have been obtained by
CO2R,5 in which methanol (CH3OH) is one of the promising
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products as it has a high energy density and is considered as a
cost-effective energy storage material and H2 carrier.6 More-
over, CH3OH is a common solvent and an important feedstock
for producing bulk chemicals.7

CO2R toward CH3OH has been investigated using conven-
tional and advanced IL-based electrolytes.8 In recent years, the
latter has attracted increasing concern since it can be used as a
cocatalyst to increase the selectivity of target products.5 For
instance, the current density and Faradaic efficiency (FE) of
CH3OH are high, up to 67 mA/cm2 and 88.6%, respectively, in
1-butyl-3-methylimidazolium tetrafluoroborate (BmimBF4)/
H2O (1:3 molar ratio) with a defective CuO-supported
atomically dispersed Sn catalyst, while no CH3OH can be
detected when 0.5 M KHCO3 was used as an electrolyte.9

However, the available work mainly focuses on fundamental
research, providing results such as CO2R performance and
reaction mechanisms. Whereas, for practical applications, only
if CO2R is profitable and environmentally friendly, this process
can be encouraged to be adopted, calling for economic and
environmental evaluations on the industrial scale.

To date, some research has devoted efforts to evaluating the
economic and environmental feasibilities of CO2R, but mainly
focused on those based on conventional electrolytes.10−13

Chang et al.14 were the first to evaluate the economic feasibility
of CO2R in IL-based electrolytes to produce CO. Later,
Paulillo et al.15 evaluated life-cycle environmental performance
for producing formate via CO2R in ILs. However, all these
works only studied the stand-alone CO2R process with a
general structure of the electrolysis systems, and no work has
been conducted for CO2R in the IL-based electrolytes to
produce CH3OH. Indeed, both CO2 separation and con-
version strongly depend on the upstreams and downstreams,
and the degree of integration will affect the overall process
efficiency with CO2R. Especially for the IL-based CO2R, the IL
electrolyte may serve as a CO2 absorbent simultaneously,
making it possible to integrate CO2 capture/removal and
CO2R intensively. Therefore, solely focusing on either high
CO2R performance, cost, or scalability would not be effective.
A trade-off between all the parameters is ultimately required,
and system-level analysis and integration are necessary.
However, how the integration of CO2R as well as the
integrated CO2 capture/removal and reduction process into
biomass gasification for chemical and fuel productions
influence the overall process performance from energy usage
to the cost and environmental impacts is still unclear.

Hence, in this work, comprehensive economic and environ-
mental assessments of CO2R to CH3OH were conducted,
where the biosyngas generated from biomass gasification was
chosen as the CO2 stream for capture, reduction, and further

integration. More specifically, both the stand-alone and
integrated configurations were investigated and compared,
and the current and future conditions were covered owing to
the early stage and rapid development of CO2R. Based on the
economic analysis, including capital cost, operating cost, and
total production cost (TPC), the key performance indicators
were identified. In addition, the environmental assessment was
performed together with an energy usage analysis to reveal the
climate benefit of the CH3OH production process via CO2R
from biosyngas. These analyses provide directions for future
research to make this technology viable in industries.

■ METHODOLOGY
Process description. Stand-alone CO2R. The overall

process for the CO2 electrolysis system to produce CH3OH
can be divided into CO2 capture/purification, CO2R, and
product separation. The source of the CO2 feedstock was
assumed to be an industrial gas stream containing CO2,
including that from biomass gasification. An IL was used as the
absorbent for CO2 capture, considering the possibility of
integrating with CO2R in other process configurations. In the
stand-alone process, as shown in Figure 1, in step 1, CO2 was
absorbed and purified in the capture/purification unit.
Typically, the IL was sprayed at the top of the absorber and
then contacted the gas stream to remove CO2 from the gas
stream. The CO2-rich IL was passed through a heater and then
fed to a stripper in which the IL was regenerated and
introduced into the absorber. The captured CO2 was released
from the absorbent in the stripper and sent to the CO2R unit
in step 2. To date, only bench-scale research has been
performed for CO2R, and thus, a black-box model was
assumed in terms of the CO2 reduction unit, in which the
purified CO2 would be reduced to CH3OH (eq 1). For CO2R,
the IL of BmimBF4 was injected into the cathodic compart-
ment as one constituent of the electrolytes (molar ratio of
BmimBF4 and H2O is 1:3). The H2 evolution reaction was the
only side reaction at the cathode (eq 2). The O2 evolution
reaction took place in the anodic compartment (eq 3). The
gaseous and liquid phases in the cathodic compartment were
separated in step 3. After that, CH3OH was separated from the
electrolyte by distillation (step 4), and the regenerated
electrolyte was recycled back to the electrolyzer (step 5).
Pressure swing adsorption (PSA) was selected to separate the
unreacted CO2 and H2 (step 6), and then, the unreacted CO2
was recycled back to the electrolyzer (step 7).

+ + ++CO 6H 6e CH OH H O2 3 2 (1)

++2H 2e H2 (2)

Figure 1. Block diagram of the stand-alone system.
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+ ++2H O 4H O 4e2 2 (3)

Integrated CO2R. The process of the integrated-1 system
(Figure 2(A)) is similar to the stand-alone system, but in step
1, CO2 was specifically assumed to be from a biomass gasifier
with O2 as the gasification agent to avoid the dilution effect of
N2 when using air as the gasification agent. The composition of
the producer gases in the gasifier mainly includes CO2, H2, and
CO. Here, one specific IL, BmimBF4, was used for CO2
removal from the producer gases in step 1, also being different
from the stand-alone system. The process for CO2 absorption
and IL regeneration in integrated-1 is the same as that in the
stand-alone system. The produced O2 in the anode of the
CO2R unit was used as the O2 source for biomass gasification
(step 8), and the byproduct H2 was directly mixed with
biosyngas in the gasification chain (step 9).

To further improve the economic feasibility, the CO2R
process was integrated with both CO2 capture/purification and
biomass gasification (integrated-2), as shown in Figure 2(B).
Instead of using the purified CO2 in step 2, the CO2-rich IL in
the capture/purification unit (step 1) directly entered the
CO2R unit as the electrolyte, and thus, no additional IL was
added into the CO2R unit. Meanwhile, the regeneration in the
CO2 capture/purification unit was avoided. In terms of
product separation, since both CO2 and CH3OH are in the
electrolyte, and H2 is the only component in the gas phase, no
PSA unit was needed. After distillation, the unreacted CO2 and
regenerated electrolyte were recycled back to the electrolyzer
(steps 5 and 6).

Economic Analysis. Total Production Cost (TPC). TPC is
a summation of annual capital cost (ACC) and total operating
cost (TOC), which can be estimated according to the method
reported by Chang et al.14 The detailed information on how to
calculate total capital cost (TCC) and TOC is summarized in
Table S4. ACC is converted from TCC based on the interest
rate (i) and the project lifetime (L) according to eq 4.

=
+ i i

ACC
TCC

(1 (1 ) )/L (4)

Electrolyzer Cost. For the CO2R unit, there is no industrial-
scale CO2R implementation. The water electrolysis electrolyzer
is analogous to CO2R in many ways, and thus, the auxiliary
systems and balance of plant (BoP) of water electrolysis and
CO2R electrolyzer are likely to be similar. Commercial water
electrolysis includes alkaline and polymer electrolyte mem-
brane (PEM) electrolyses. The current density of alkaline
electrolysis is usually lower than 1 A/cm2, while that of PEM
electrolysis is 1−2 A/cm2.16 In this work, the highest current
density for CO2R was set to 600 mA/cm2, and thus, the cost
for a CO2 electrolyzer was calculated based on the H2A model
for an alkaline water electrolyzer from the U.S. Department of
Energy (DOE).10,17 The required electrolyzer area (EA) can
be calculated according to eq 5.

= =
· ·
· ·

I
j

m z F

M j
EA

FE
CH OH CH OH

CH OH CH OH

3 3

3 3 (5)

Figure 2. Block diagram of the (A) integrated-1 and (B) integrated-2 systems.
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where I and j are the total current and the current density
through electrolysis; mCHd3OH is the CH3OH production rate;
zCHd3OH is the number of electrons needed to obtain the
CH3OH product; F and FE are the Faradaic’s constant and
Faradaic efficiency, respectively.

Electricity Cost. Electricity cost is the major contributor to
TOC, which can be calculated based on the electricity price
and the power requirement (P) to obtain the target CH3OH
production rate according to eq 6.

= · = ·
·

·
P V I V

m z F

M FE

.CH OH CH OH

CH OH CH OH

3 3

3 3 (6)

where V is the cell voltage.
Costs of Product Separation and CO2 Removal. For

product separation, the costs of PSA and distillation were
calculated using the factorial method demonstrated in the
literature with a capacity-scaling factor of 0.7.10,18 In the stand-
alone system, the cost for CO2 capture in IL was obtained by
surveying the literature, which is in the range of 20−70 €/ton-
CO2.

19,20 In this analysis, the cost was assumed to be 50 €/ton-
CO2. For the integrated systems, CO2 removal belongs to the
upstream producer, i.e., the “gas cleaning” unit following the
biomass gasifier in the gasification chain, and this removal unit
cannot be avoided in the gasification chain, no matter if the
removed CO2 will be used or not. Therefore, the cost for CO2
removal should not be included in the CO2R process; i.e., the
cost of CO2 in CO2R was assumed to be zero in the integrated-
1 system. The cost for CO2 removal includes CO2 absorption
and IL regeneration, and thus, the cost of CO2 was assumed to
be −25 €/ton-CO2 in the integrated-2 system, since the IL
regeneration unit was avoided in the integrated-2 system,
which was considered as half the cost of the common CO2
removal process.

Environmental Analysis. The cradle-to-gate life cycle
assessment (LCA) of CH3OH production was performed
based on the ISO 14040/14044 framework, and then, the
specific CO2 emissions in different units per mass CH3OH
were evaluated. The system boundary for the calculation is
shown in Figure S1. More specifically, for the CO2 capture/
purification unit, the specific CO2 emissions were calculated
based on the amount of consumed CO2 for producing 1 kg-
CH3OH (kg-consumed-CO2/kg-CH3OH) and the carbon
footprint of CO2 feedstock. For the CO2 conversion and
product separation units, the calculation of specific CO2
emissions was based on the CO2 emission intensity of
electricity generation (the amount of emitted CO2 for
producing 1 kWh-electricity, kg-CO2e/kWh) and the electrical
energy required in each unit. In addition, the specific CO2
emissions caused by electrolyte preparation (IL synthesis and
H2O extraction and purification) weres calculated. H2 and O2
are coproducts in the integrated systems, and their environ-
mental burdens that displace H2 and O2 generation from
incumbent routes were considered. The detailed calculation is
shown in the Supporting Information.

Model Assumptions. Four sets of scenarios in CO2R, i.e., a
base case and three optimistic cases (cases 1−3), were
established to perform economic and environmental assess-
ments. The base case was built on the current material prices
and the CO2 electrochemical reduction performance in an H-
cell reported by Guo et al.9 In fact, even the H-cell was selected
for CO2R in this work; in some extent, the electrolyzer in the
stand-alone and integrated systems can be considered as a

“flow cell” since the CO2-rich IL would continuously flow into
the cathodic compartment and then enter a distillation unit to
separate the produced CH3OH and IL after the CO2
electrochemical reduction reaction. Cases 1−3 represent the
future conditions which are supposed to be technology ready
in 2025, 2030, and 2040, respectively. The major parameters
and corresponding assumptions are summarized in Table 1.

Based on the data from the Fulcrum BioEnergy Sierra Biofuels
Plant,21 the flow rate of CO2 in the gas stream is higher than
500 tons/day. Considering that the scale of CH3OH
production can vary a lot, in this work, a CH3OH production
rate of 50 tons/day, corresponding to a CO2 inlet flow rate of
58.5 tons/day, was assumed for all cases to allow for industrial-
scale chemical production. The electricity price in the base case
was assumed to be 0.04 €/kWh, which is consistent with the
industrial electricity price in Sweden.22 The electricity price
could be as low as 0.03 and 0.02 €/kWh in 2030 and 2040,
respectively, by using renewable energy sources for electricity
generation.23 CO2R with a total current density higher than
300 mA/cm2 has been reported in numerous laboratory
reactors for producing ethanol, ethylene, CO, etc.24−26 In
addition, an extremely low overpotential for producing CO
(0.054 V)27 and a low cell voltage of 2.2 V for producing
HCOOH (theoretical cell voltage is 1.48 V)28 have been
achieved. Therefore, the CH3OH current densities of 150 and
300 mA/cm2 with FEs of 90% and 95% at lower cell voltages
can be expected in 2025 and 2030, respectively, from the short-
term development of the CO2R technology. For case 3, a
current density of 600 mA/cm2 with a FE of 100% at a cell
voltage of 2 V was supposed to be technology ready by
referring to commercial water electrolysis29 and the reported
literature.14 Moreover, with technology development, the
electrolyzer price will be reduced by one-quarter and one-
half in 2030 and 2040, respectively, by referring to the reported
electrolyzer price for water electrolysis29 and the work on
economic evaluation of the CO2R process.14 In addition, some
model hypotheses were made during the economic assessment
as follows: (a) The amount of IL for yearly makeup was
assumed to be 5% of the initial input quantity considering the
high electrochemical stability of IL. (b) Based on the previous
work, the effect of catalyst cost on TPC is quite low, and thus,
in this work, to simplify the calculation, the cost caused by the
degradation of catalysts was neglected by referring to the

Table 1. Process Assumption for CO2 Electrolyzer Model

Fixed parameter

Reference year 2022 Production rate, tons/day 50
System lifetime, yr 20 Operating time, day 350
Conversion ratio 0.5 IL price, €/ton14 5800
H2O price, €/ton14 0.44 Catalyst cost, €/kga 5000
Interest rate (%) 10

Variable parameter

Base case Case 1 Case 2 Case 3

Current density, mA/cm2 67 150 300 600
FE, % 88.6 90 95 100
Cell voltage, V 3.28 3 2.5 2
Stack cost, €/m2 1014 1014 761 507
Electricity, €/kWh 0.04 0.04 0.03 0.02

aAccording to the market value of Sn (99.999% trace metal basis) and
CuO (99.99% trace metal basis) powder supplied by Sigma-Aldrich.
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article reported by Chang et al.14 (c) The CO2R infrastructure
was assumed to be built on the same site of the CO2 source,
and thus, transportation and storage costs of CO2, O2, and H2
gases were not considered. (d) The experimental data from the
lab scale could directly scale to commercial-level implementa-
tion without further modification. (e) The investment
depreciation was neglected by referring to the work reported
by Chang et al.14

■ RESULTS AND DISCUSSION
Economic Analysis of Stand-Alone CO2R System. The

TPCs of the stand-alone CO2R process for producing CH3OH
under the base and optimistic scenarios were calculated based
on TCC and TOC. The results are depicted in Figure 3, where

the market price of CH3OH (0.50 €/kg)30 in Europe is shown
as the dashed line for the reference in evaluating TPC. Under
the base case condition, a high TPC of 1.44 €/kg-CH3OH
indicates that this technology is not profitable under the
current market situation. Under the optimistic scenarios, all
three cases showed lower TPC compared with the base one,
due to the assumed price reduction of the electrolyzer and
improved CO2R performance, but still, only case 3 seems to be
economically feasible with a TPC of 0.50 €/kg-CH3OH.

Capital and operating costs under various scenarios were
analyzed to understand their contributions to TPC. As shown
in Figure 4, the investment associated with CO2R, including
stack, BoP, and indirect costs, is the most capital intensive,
which takes a proportion of 82% of TCC. This is because the
high areal stack cost and the low current density in the base
case lead to high electrolyzer area and capital cost. Assuming
the price reduction of stacks (cases 2 and 3) and the
improvements of performances (cases 1−3) under optimistic
scenarios, the capital cost of the electrolyzer would significantly
decrease, which reduces to 71%, 48%, and 41% of the TCC in
cases 1−3, respectively. In terms of operating cost, electricity
constitutes the main part in different scenarios. The high
electricity usage is due to the fact that six electrons are required
for CO2R to CH3OH, which results in a high current
requirement.

Sensitivity Analysis. Sensitivity analysis was conducted to
understand the effect of key parameters on TPC by varying
one performance parameter, as listed in Table 2, while other

parameters were kept at the base case. As shown in Figure 5,
electricity and stack price are two important parameters. The
reduction of electricity of 0.01 €/kWh results in the greatest
decrease in TPC, which reduces to 1.25 €/kg-CH3OH, while
an increase in the stack price generated the greatest increase in
TPC to 1.76 €/kg-CH3OH. In terms of CO2 reduction
performance, the current density, Faradaic efficiency, and cell
voltage exhibit important effects on TPC by influencing the
total electricity usage and stack area. The increase in current
density reduced the total stack area, leading to a low
electrolyzer capital cost. An increase in Faradaic efficiency
reduced the total current needed, because less electricity was
wasted on the H2 evolution reaction. Lowering total current
can reduce the total stack area, leading to low electrolyzer
capital cost. In addition, since the electricity dominates the

Figure 3. TPCs for the base and optimistic cases of stand-alone
system.

Figure 4. (A) Capital and (B) operating costs under different scenarios.

Table 2. Range of Values for Sensitivity Analysis

Sensitivity parameter Worse Base case Better

Current density, mA/cm2 50 67 150
Faradaic efficiency,% 78 88.6 100
Cell voltage, V 3.8 3.28 2.7
CO2 cost, €/ton 70 50 30
Electricity price, €/kWh 0.05 0.04 0.03
Stack price, €/m2 2028 1014 507
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operating cost, the increase of Faradaic efficiency and decrease
of cell voltage reduced the total electricity usage and
subsequently lowered TPC.

Economic Analysis of Integrated Systems. The
integration of CO2R with biomass gasification is an effective
strategy to achieve the utilization of waste streams in the
gasification chain (i.e., CO2) as well as the H2 and O2 of CO2R.
In this part, H2 and O2 were considered as coproducts of
CO2R with prices of 1.231 and 0.15 €/kg-O2,

32 which are their
minimum selling prices for industrial use. It is obvious that
TPC could reduce by 25% via integrating CO2R with biomass
gasification under the base case condition. Moreover, both
cases 2 and 3 are profitable with the TPCs of 0.43 and 0.21
€/kg-CH3OH, respectively, for the integrated-1 CO2R system
as shown in Figure 6, in which TPC was reduced by up to 43%
and 58%, respectively, compared with the stand-alone system.

In the integrated-2 system, the IL regeneration was avoided
in the unit of “gas cleaning” within the chain of biomass
gasification to produce fuels. To account for this integration on
the impact of CO2R, the cost of CO2 was set to be −25 €/ton
(half of the magnitude of that for CO2 absorption and IL
regeneration) to deduct the cost used for IL regeneration. As

shown in Figure 6, the integrated-2 system shows lower TPC
compared with both stand-alone and integrated-1 systems
under different scenarios. Typically, TPCs were reduced to
0.38 and 0.17 €/kg-CH3OH, respectively, after integration with
both CO2 removal and biomass gasification under cases 2 and
3, indicating the more economic feasibility of the integrated-2
system.

Energy Demand and Environmental Analysis. Figure
7(A) shows the required energy for the four scenarios for
CO2R and product separation in the integrated-1 system. It
was seen that the major energy usage comes from the required
electricity for CO2R in different scenarios (more than 50% of
total energy), indicating the importance of CO2R energy
optimization to reap overall environmental benefits. As for
product separation, the liquid phase separation using
distillation also plays an important role. This is because the
physicochemical properties of CH3OH and its low concen-
tration (30 wt %) would increase the energy usage in
separation.33 The energy requirement for gas separation is
insignificant compared with liquid separation, which is
attributed to the energy-efficient PSA process (0.23 kWh/
m3).34

The calculation of specific CO2 emissions was conducted
based on the energy usage to evaluate the environmental
impact of the CO2R process for producing CH3OH under
different scenarios, as shown in Figure 7(B). In this analysis,
the carbon footprint of −0.5 kg-CO2e/kg-captured-CO2 was
directly obtained based on the literature for CO2 capture in
IL.35 The CO2 emission intensity of electricity generation was
assumed to be 0.23 kg-CO2e/kWh, representing the average
intensity in Europe according to the data from the European
Environmental Agency.36 As indicated in Figure 7(B), the
environmental burden from H2 is noticeable compared with
O2, even though the stoichiometric H2 production is very small
compared with the O2 production. The CH3OH production in
the base case has the highest specific CO2 emissions (5.55 kg-
CO2e/kg-CH3OH), which is due to the energy-intensive
CO2R and liquid separation processes. In case 3, specific CO2
emissions were reduced to 3.62 kg-CO2e/kg-CH3OH with a
decrease of the electricity usage in the CO2R unit, indicating
the great importance of CO2R performance on the climate
benefits.

In the integrated-2 system, since the integration of CO2R
with CO2 capture/purification could avoid the absorbent-
regeneration step, the total energy usage and specific CO2
emissions would be lower than that of the integrated-1 system.
However, the exact specific CO2 emission values in the
integrated-2 systems under the current and future conditions
could not be quantified due to the lack of data on the carbon
footprint for CO2 capture without IL regeneration. Therefore,
the integrated-2 system was excluded from the quantitative
evaluation and comparison.

The energy-related CO2 emissions constitute the main part
of the specific CO2 emissions, as shown in Figure 7(B). To
reduce the energy-related CO2 emissions and dependence on
fossil-fuel reserves, various renewable sources have been
gradually used for electricity generation. Figure 8 shows the
specific CO2 emissions of CH3OH production via CO2R by
using 100% different renewable sources for electricity
generation, and the obtained results are lower than the specific
CO2 emissions of the coal-to-CH3OH process (2.97 kg-CO2e/
kg-CH3OH). In addition, the CO2R process with 100%
nuclear, wind, or hydropower could get negative specific CO2

Figure 5. Sensitivity analysis with parameters under better and worse
conditions.

Figure 6. TPC for base and optimistic cases in integrated-1 and
integrated-2 CO2R systems.
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emissions, indicating that CO2R for CH3OH production would
be considered as a potentially more environmentally friendly
process with higher climate benefits compared with the
conventional CH3OH production process in view of the
continuous adoption of a higher renewable share in the global
energy sector.

Comparison and Further Discussion. Currently, several
measures, such as the carbon emissions trading system and the
carbon tax, have been implemented to promote mitigating CO2
emissions. For example, in Europe, the carbon tax ranges from
77 to 89 €/ton-CO2 as of April 2022.39 Therefore, for a
biomass gasification process, an extra cost for CO2 capture is
required if the removed CO2 in the “gas cleaning” unit is
directly released into the atmosphere. CO2 storage and
conversion are two options to dispose of the removed CO2.
In the storage option, the cost for CO2 transportation and
storage mainly depends on CO2 volumes, transport distances,
and storage conditions, which is estimated to be 10−20 €/ton-
CO2.

40 Moving on to the cost for CO2R to produce CH3OH, it
is much higher than CO2 storage due to the large electricity
requirement for CO2R and the high investment cost of
electrolyzer under the current situation, even the obtained
products could achieve additional returns. For example, in the
integrated-1 system, the net cost for CO2 conversion via CO2R

is 423 €/ton-CO2 under the base case condition (Figure S2)
when the incomes from selling CH3OH, H2, and O2 with the
market prices of 0.5 €/kg-CH3OH, 1.2 €/kg-H2, and 0.15
€/kg-O2, were considered, which is higher than the CO2
conversion cost for producing CH3OH via hydrogenation
(−50 to 370 €/ton-CO2).

41 In fact, there is considerable
potential to reduce the CO2R cost with technology develop-
ments, CO2R performance increases, energy structure adjust-
ments, etc. It was estimated that the net cost for CO2
conversion would reduce to −49 and −212 €/ton-CO2
under cases 2 and 3, respectively, which means additional
economic profits could be achieved by reducing CO2 emissions
by CO2R. From the above discussion, CO2 storage is the
cheapest option in the current situation, while CO2R will
become a cost-competitive and scalable solution for reducing
CO2 emissions.

It should also be pointed out that, in this work, the focus was
on how the integration would impact the process linked to
CO2R, i.e., the process of CO2R by using the captured CO2 to
CH3OH, where the price of CO2 was used to reflect the
integration, while the influence on the chain of “biomass
gasification to fuels/chemicals” was not concerned. Indeed, the
integration of CO2R would more or less affect the chain of
“biomass gasification to fuels/chemicals”, and the comparison
of using IL-based CO2 capture and conversion with the
currently available technologies and other newly developed
ones from energy, cost, and environmental impacts would be
of importance, which will be conducted in our future work.

■ CONCLUSION
In this work, the economic feasibility and climate benefits of
CH3OH production via stand-alone and integrated CO2R
systems were assessed, under the current (base case) and
future conditions which are supposed to be technology ready
in 2025 (case 1), 2030 (case 2), and 2040 (case 3),
respectively, with technology development in improving
CO2R performance and reducing electricity and electrolyzer
prices. The key economic drivers were identified. It is revealed
that none of the stand-alone and integrated systems are
economically compelling under the current condition, due to
the relatively poor performance leading to the high price of the
electrolyzer and high cost in electricity of CO2R. The
reductions of the electrolyzer cost and electricity demand
could increase the competitiveness of the CO2R process, and
case 3 seems to be economically feasible in the stand-alone

Figure 7. (A) Energy and (B) specific CO2 emissions for CO2R under different scenarios.

Figure 8. Specific CO2 emissions for CO2R under different scenarios
with 100% utilization of solar photovoltaic (PV) (0.100 kg-CO2e/
kWh),37 nuclear (0.019 kg-CO2e/kWh),38 wind (0.022 kg-CO2e/
kWh),38 and hydropower (0.015 kg-CO2e/kWh).38
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system with a TPC of 0.50 €/kg-CH3OH. For the integrated-1
system, a lower TPC was obtained under different scenarios,
since H2 and O2 were used as coproducts, and the CO2 feed
cost became zero, by integrating CO2R with biomass
gasification. This integration makes both cases 2 and 3
profitable with TPCs of 0.43 and 0.21 €/kg-CH3OH. The
integrated-1 system can be further improved by integrating
with CO2 capture, and a TPC of 0.17 €/kg-CH3OH could be
obtained under case 3, further indicating the importance of
process integration. Moreover, storage of the captured CO2
from biosyngas is the best choice compared with direct CO2
emissions and CO2R under the current condition. With
technology development and performance improvement,
additional economic profits could be achieved for reducing
CO2 emissions by CO2R, indicating the great importance of
developing CO2R technology.

Cradle-to-gate LCA analysis showed that the electricity for
CO2R and the energy requirement for distillation constitute
the main parts of CO2 emissions. The reduction of electricity
usage by improving the CO2R performance could reduce the
specific CO2 emissions from 5.55 under the base case to 3.62
kg CO2e/kg-CH3OH under case 3. In addition, the CO2R
process with 100% renewable energy for electricity generation
would provide climate benefits over the coal-to-CH3OH route,
and negative specific CO2 emissions can be obtained when
using nuclear, wind, and hydropower. This indicates that both
improving the performance to reduce energy usage and
increasing the use of renewable energy are important to
achieve the targeted climate benefits.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05968.

Major parameters for economic calculation. Calculation
details for total production cost and specific CO2
emissions. Comparison of the costs for direct CO2
emissions, CO2 storage, and CO2R. (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Fangfang Li − Energy Engineering, Division of Energy Science,
Luleå University of Technology, Luleå 97187, Sweden;

orcid.org/0000-0001-9841-8285; Email: fangfang.li@
ltu.se

Xiaoyan Ji − Energy Engineering, Division of Energy Science,
Luleå University of Technology, Luleå 97187, Sweden;
Email: xiaoyan.ji@ltu.se

Authors
Fei Chang − Beijing Key Laboratory of Ionic Liquids Clean
Process, State Key Laboratory of Multiphase Complex
Systems, CAS Key Laboratory of Green Process and
Engineering, Institute of Process Engineering, Chinese
Academy of Sciences, Beijing 100190, China; School of
Chemical Engineering, University of Chinese Academy of
Sciences, Beijing 100049, China

Joakim Lundgren − Energy Engineering, Division of Energy
Science, Luleå University of Technology, Luleå 97187,
Sweden

Xiangping Zhang − Beijing Key Laboratory of Ionic Liquids
Clean Process, State Key Laboratory of Multiphase Complex

Systems, CAS Key Laboratory of Green Process and
Engineering, Institute of Process Engineering, Chinese
Academy of Sciences, Beijing 100190, China; School of
Chemical Engineering, University of Chinese Academy of
Sciences, Beijing 100049, China; orcid.org/0000-0002-
1431-0873

Yanrong Liu − Beijing Key Laboratory of Ionic Liquids Clean
Process, State Key Laboratory of Multiphase Complex
Systems, CAS Key Laboratory of Green Process and
Engineering, Institute of Process Engineering, Chinese
Academy of Sciences, Beijing 100190, China

Klas Engvall − Department of Chemical Engineering and
Technology, Chemical Technology, KTH Royal University of
Technology, Stockholm 10044, Sweden; orcid.org/0000-
0002-6326-4084

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.2c05968

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Swedish Energy Agency
(P47500-1).

■ REFERENCES
(1) Global Carbon Budget 2021, 2022. Global Carbon Project.

https://www.globalcarbonproject.org/ (accessed 13 March 2022).
(2) Dinca, C.; Slavu, N.; Cormos,̧ C.-C.; Badea, A. CO2 capture from

syngas generated by a biomass gasification power plant with chemical
absorption process. Energy 2018, 149, 925−936.
(3) Vaidya, P. D.; Kenig, E. Y. CO2-alkanolamine reaction kinetics:

A review of recent studies. Chem. Eng. Technol. 2007, 30 (11), 1467−
1474.
(4) Cao, L. D.; Gao, J. B.; Zeng, S. J.; Dong, H. F.; Gao, H. S.;

Zhang, X. P.; Huang, J. H. Feasible ionic liquid-amine hybrid solvents
for carbon dioxide capture. Int. J. Greenh. Gas Control. 2017, 66, 120−
128.
(5) Li, F.; Mocci, F.; Zhang, X.; Ji, X.; Laaksonen, A. Ionic liquids for

CO2 electrochemical reduction. Chin. J. Chem. Eng. 2021, 31, 75−93.
(6) Nielsen, M.; Alberico, E.; Baumann, W.; Drexler, H. J.; Junge,

H.; Gladiali, S.; Beller, M. Low-temperature aqueous-phase methanol
dehydrogenation to hydrogen and carbon dioxide. Nature 2013, 495
(7439), 85−89.
(7) Natte, K.; Neumann, H.; Beller, M.; Jagadeesh, R. V. Transition-

metal-catalyzed utilization of methanol as a C1 source in organic
synthesis. Angew.Chem.Int.Ed. 2017, 56 (23), 6384−6394.
(8) Liu, Y.; Li, F.; Zhang, X.; Ji, X. Recent progress on

electrochemical reduction of CO2 to methanol. Curr. Opin. Green
Sustain. Chem. 2020, 23, 10−17.
(9) Guo, W.; Liu, S.; Tan, X.; Wu, R.; Yan, X.; Chen, C.; Zhu, Q.;

Zheng, L.; Ma, J.; Zhang, J.; Huang, Y.; Sun, X.; Han, B. Highly
efficient CO2 electroreduction to methanol through atomically
dispersed Sn coupled with defective CuO catalysts. Angew.Che-
m.Int.Ed. 2021, 60 (40), 21979−21987.
(10) Jouny, M.; Luc, W.; Jiao, F. General techno-economic analysis

of CO2 electrolysis systems. Ind. Eng. Chem. Res. 2018, 57 (6), 2165−
2177.
(11) Rumayor, M.; Dominguez-Ramos, A.; Perez, P.; Irabien, A. A

techno-economic evaluation approach to the electrochemical
reduction of CO2 for formic acid manufacture. J. CO2 Util. 2019,
34, 490−499.
(12) Lee, J.; Lee, W.; Ryu, K. H.; Park, J.; Lee, H.; Lee, J. H.; Park,

K. T. Catholyte-free electroreduction of CO2 for sustainable
production of CO: concept, process development, techno-economic

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c05968
ACS Sustainable Chem. Eng. 2023, 11, 2810−2818

2817

https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05968?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c05968/suppl_file/sc2c05968_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fangfang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9841-8285
https://orcid.org/0000-0001-9841-8285
mailto:fangfang.li@ltu.se
mailto:fangfang.li@ltu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyan+Ji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:xiaoyan.ji@ltu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joakim+Lundgren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiangping+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1431-0873
https://orcid.org/0000-0002-1431-0873
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanrong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klas+Engvall"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6326-4084
https://orcid.org/0000-0002-6326-4084
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05968?ref=pdf
https://www.globalcarbonproject.org/
https://doi.org/10.1016/j.energy.2018.02.109
https://doi.org/10.1016/j.energy.2018.02.109
https://doi.org/10.1016/j.energy.2018.02.109
https://doi.org/10.1002/ceat.200700268
https://doi.org/10.1002/ceat.200700268
https://doi.org/10.1016/j.ijggc.2017.09.015
https://doi.org/10.1016/j.ijggc.2017.09.015
https://doi.org/10.1016/j.cjche.2020.10.029
https://doi.org/10.1016/j.cjche.2020.10.029
https://doi.org/10.1038/nature11891
https://doi.org/10.1038/nature11891
https://doi.org/10.1002/anie.201612520
https://doi.org/10.1002/anie.201612520
https://doi.org/10.1002/anie.201612520
https://doi.org/10.1016/j.cogsc.2020.03.009
https://doi.org/10.1016/j.cogsc.2020.03.009
https://doi.org/10.1002/anie.202108635
https://doi.org/10.1002/anie.202108635
https://doi.org/10.1002/anie.202108635
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/10.1016/j.jcou.2019.07.024
https://doi.org/10.1016/j.jcou.2019.07.024
https://doi.org/10.1016/j.jcou.2019.07.024
https://doi.org/10.1039/D0GC02969F
https://doi.org/10.1039/D0GC02969F
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c05968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


analysis, and CO2 reduction assessment. Green Chem. 2021, 23 (6),
2397−2410.
(13) Yue, P.; Kang, Z.; Fu, Q.; Li, J.; Zhang, L.; Zhu, X.; Liao, Q.

Life cycle and economic analysis of chemicals production via
electrolytic (bi)carbonate and gaseous CO2 conversion. Applied
Energy 2021, 304, 117768.
(14) Chang, F.; Zhan, G. X.; Wu, Z. X.; Duan, Y. M.; Shi, S. S.;

Zeng, S. J.; Zhang, X. P.; Zhang, S. J. Technoeconomic analysis and
process design for CO2 electroreduction to CO in ionic liquid
electrolyte. ACS Sustain. Chem. Eng. 2021, 9 (27), 9045−9052.
(15) Paulillo, A.; Pucciarelli, M.; Grimaldi, F.; Lettieri, P. The life-

cycle environmental performance of producing formate via electro-
chemical reduction of CO2 in ionic liquid. Green Chem. 2021, 23 (17),
6639−6651.
(16) Guo, Y.; Li, G.; Zhou, J.; Liu, Y. Comparison between

hydrogen production by alkaline water electrolysis and hydrogen
production by PEM electrolysis. IOP Conference Series: Earth and
Environmental Science 2019, 371 (4), 042022−042027.
(17) Steward, D.; Ramsden, T.; Zuboy, J. H2A Central Hydrogen
Production Model, Version 3 User Guide; National Renewable Energy
Laboratory, 2012.
(18) Adnan, M. A.; Kibria, M. G. Comparative techno-economic and

life-cycle assessment of power-to-methanol synthesis pathways. Appl.
Energy 2020, 278, 115614.
(19) Zhai, H.; Rubin, E. S. Systems analysis of ionic liquids for post-

combustion CO2 capture at coal-fired power plants. Energy Procedia
2014, 63, 1321−1328.
(20) Seo, K.; Tsay, C.; Edgar, T. F.; Stadtherr, M. A.; Baldea, M.

Economic optimization of carbon capture processes using ionic
liquids: Toward flexibility in capture rate and feed composition. ACS
Sustain. Chem. Eng. 2021, 9 (13), 4823−4839.
(21) Thermal Gasification of Biomass Database, 2021. International
Energy Agency (IEA) Bioenergy Task 33E. http://www.ieatask33.org/
content/workshop_events (accessed 18 March 2022).
(22) Industry electricity prices in Sweden from 2008 to 2020, by

consumption, 2022. Statista. https://www.statista.com/statistics/
596262/electricity-industry-price-sweden/ (accessed 07 April 2022).
(23) Vartiainen, E.; Masson, G.; Breyer, C. PV LCOE in Europe

2015−2050. In 31st European Photovoltaic Solar Energy Conference and
Exhibition, 2015, pp 3024−3033.
(24) Su, W.; Ma, L.; Cheng, Q.; Wen, K.; Wang, P.; Hu, W.; Zou, L.;

Fang, J.; Yang, H. Highly dispersive trace silver decorated Cu/Cu2O
composites boosting electrochemical CO2 reduction to ethanol. J.
CO2 Util. 2021, 52, 101698.
(25) Hoang, T. T. H.; Verma, S.; Ma, S.; Fister, T. T.; Timoshenko,

J.; Frenkel, A. I.; Kenis, P. J. A.; Gewirth, A. A. Nanoporous copper−
silver alloys by additive-controlled electrodeposition for the selective
electroreduction of CO2 to ethylene and ethanol. J. Am. Chem. Soc.
2018, 140 (17), 5791−5797.
(26) Ma, S.; Sadakiyo, M.; Luo, R.; Heima, M.; Yamauchi, M.;

Kenis, P. J. A. One-step electrosynthesis of ethylene and ethanol from
CO2 in an alkaline electrolyzer. J. Power Sources 2016, 301, 219−228.
(27) Asadi, M.; Kim, K.; Liu, C.; Addepalli, A. V.; Abbasi, P.; Yasaei,

P.; Phillips, P.; Behranginia, A.; Cerrato, J. M.; Haasch, R.; Zapol, P.;
Kumar, B.; Klie, R. F.; Abiade, J.; Curtiss, L. A.; Salehi-Khojin, A.
Nanostructured transition metal dichalcogenide electrocatalysts for
CO2 reduction in ionic liquid. Science 2016, 353 (6298), 467−470.
(28) Lee, W.; Kim, Y. E.; Youn, M. H.; Jeong, S. K.; Park, K. T.

Catholyte-free electrocatalytic CO2 reduction to formate. Angew.
Chem., Int. Ed. 2018, 57 (23), 6883−6887.
(29) DOE Hydrogen and Fuel Cells Program Record: Hydrogen

Production Cost from PEM Electrolysis - 2019, 2020. U.S. DOE.
https://www.hydrogen.energy.gov/pdfs/19009_h2_production_
cost_pem_electrolysis_2019.pdf.
(30) Baghdjian, V. European methanol market mulls February

contract price, 2022. Argus. https://www.argusmedia.com/en/blog/
2022/february/4/european-methanol-spot-and-contract-prices (ac-
cessed 09 April 2022).

(31) Hydrogen cost and sales prices, 2022. https://www.h2v.eu/
analysis/statistics/financing/hydrogen-cost-and-sales-prices (accessed
13 April 2022).
(32) Rivarolo, M.; Bellotti, D.; Magistri, L.; Massardo, A. F.

Feasibility study of methanol production from different renewable
sources and thermo-economic analysis. Int. J. Hydrog. Energy 2016, 41
(4), 2105−2116.
(33) Kibria Nabil, S.; McCoy, S.; Kibria, M. G. Comparative life

cycle assessment of electrochemical upgrading of CO2 to fuels and
feedstocks. Green Chem. 2021, 23 (2), 867−880.
(34) Paturska, A.; Repele, M.; Bazbauers, G. Economic assessment

of biomethane supply system based on natural gas infrastructure.
Energy Procedia 2015, 72, 71−78.
(35) Farahipour, R.; Karunanithi, A. T. Life cycle environmental

implications of CO2 capture and sequestration with ionic liquid 1-
butyl-3-methylimidazolium acetate. ACS Sustain. Chem. Eng. 2014, 2
(11), 2495−2500.
(36) Greenhouse gas emissions intensity of electricity generation,

2020, 2022. European Environment Agency. https://www.eea.europa.
eu/data -and-maps/dav iz/co2-emiss ions- intens i ty -6# tab-
g o o g l e c h a r t i d _ g o o g l e c h a r t i d _ c h a r t _ 1 1 1 _ fi l t e r s =
%7B%22rowFilters%22%3A%7B%7D%3B%22columnFilter
s % 2 2 % 3 A % 7 B % 2 2 p r e _ c o n fi g _
date%22%3A%5B2018%5D%7D%3B%22sortFilter%22%3A%5B%22u
geo%22%5D%7D (accessed 18 April 2022).
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