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Carbon capture and utilisation provide a means to mitigate climate change caused by anthropogenic
greenhouse gas emissions by delaying carbon emissions via temporary storage in goods. This article pre-
sents a comprehensive Life Cycle Assessment (LCA) study of a novel process that generates formate via
electrochemical reduction of CO, in ionic liquid. We performed a scenario analysis, covering uncertain
parameters like the recycling rate of unreacted reagents and the market price of CO,, and compared the
environmental performance of the carbon utilisation system with that of the conventional process, which
relies on fossil sources. Inventory data is obtained from a mix of literature sources and commercial LCA
databases. Our analysis indicates that (i) the system needs to attain a 99.9% recycling rate to be competi-
tive with the conventional process; (i) a future negative market price of CO, would substantially reduce
the environmental impacts associated with formate; (iii) there are significant environmental trade-offs
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between the carbon utilisation system and the conventional process, with the former outperforming the
latter in 6/8 out of the 14 impact categories investigated. It should be noted that our results are conserva-
tive because inventory data for the electrochemical reduction process is obtained from laboratory
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1 Introduction

The reduction of global greenhouse gas emissions to avoid cat-
astrophic effects of climate change is arguably humanity’s
most challenging task of this century. The latest IPCC report
indicates that to achieve the stricter target set by the Paris
Agreement,' ie. to keep the global temperature rise below
1.5 °C from pre-industrial levels, anthropogenic emissions of
greenhouse gases need to fall by 45% from 2010 levels by 2030
and to reach net-zero by 2050.> This effort will require a rapid
and far-reaching transition to low-carbon alternatives in all
sectors of the economy, and a wide portfolio of mitigation
options; these must include technologies for capturing CO,
from flue gas, and either sequestering it in long-term sinks
such as geological formations or utilising it as a solvent or as a
feedstock for producing valuable products like chemicals and
fuels.> Carbon capture and storage (CCS) avoids CO, emis-
sions and, when applied to biogenic carbon, enables the per-
manent removal of CO, from the atmosphere that is essential
for achieving the Paris Agreement target. On the other hand,
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carbon capture and utilisation (CCU) delays CO, emissions by
temporary storing carbon in goods. The duration of the
storage, and therefore the effectiveness in mitigating climate
change, is dependent on the product; for example, it is typi-
cally shorter for fuels than for chemicals.” An additional
benefit of carbon utilisation is that it reduces the depletion of
resources and environmental emissions by providing inter-
mediate feedstocks.® Traditional fuels as well as the majority
of bulk chemicals - especially organic chemicals, alcohol and
olefins — are in fact almost exclusively produced from fossil
feedstock like natural gas and oil.”

A multitude of technologies to utilise CO, - including
homogeneous, heterogeneous, photochemical and electro-
chemical catalytic conversion - have been developed to various
(but mostly low) technological readiness levels.*>®° The
electrochemical reduction (ER) of CO, presents numerous
advantages; a notable one is that it can be implemented at
atmospheric temperature and pressure because the driving
force of the reaction is controlled via the applied potential.'®'*
The technology is typically compact and easily scalable
(because of its intrinsic modular design),"” and can be used as
a means to store excess electricity from intermittent energy
sources like sunlight and wind."*'* ER has been investigated
using aqueous and non-aqueous molecular solvents and ionic
liquids (ILs). The latter, in particular, has attracted increasing
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interests in recent years because of a number of properties,
including negligible vapour pressures (which is also important
for carbon capture applications), high CO, solubility and
intrinsic ionic conductivity."'>'> Notably, these properties can
be tailored to specific applications via synthetic alteration of
anions and cations independently.” Some of them also provide
the opportunity to regenerate the solvent at various ranges of
temperature and pressure, which is not available for conven-
tional solvent alternatives.*

In this article, we focus on an electrochemical reduction
process that uses a novel IL - trihexyltetradecylphosphonium
1,2,4-triazolide ([P66614][124Triz]) - for the production of
formate, the anionic form of formic acid. [P66614][124Triz] is
a super-basic room temperature IL that can chemisorb CO, in
nearly equimolar quantities and that requires low overpoten-
tials to reduce CO, compared to other ILs.">'® Formate can in
turn be easily converted into formic acid, a widely used chemi-
cal in numerous applications such as de-icing (as salt of
formic acid), cleaning (descaling and cleaning bathroom sur-
faces and toilet), pH regulator (in the bleaching operations of
the textile industry and in the dyeing and tanning of the
leather sector)."” Formic acid can also be used to generate elec-
tricity for low-power appliances in fuel cells, typically known as
Direct Formic Acid Fuel Cells;'® notably, formic acid holds
many advantages over methanol for this application, including
easier transports and storage conditions.'® In 2018, global
trade of formic acid had a value of $430 million; it grew by
nearly 60% between 2017 to 2018, and is projected to further
grow at a compound annual rate of ~4% from 2019 to 2024.>"

The objective of this study is to quantify the environmental
performance of the novel IL-based ER process for producing
formate, in particular in comparison with the conventional
alternative that uses fossil feedstock, using Life Cycle
Assessment (LCA). LCA is a widely adopted and ISO
standardised®*** methodology for quantifying the environ-
mental impacts of products in a holistic manner, which
entails adoption of a life-cycle perspective and coverage of a
wide variety of environmental issues that include but are not
limited to climate change. This holistic perspective enables
identification of trade-offs, and thus make LCA a robust tool to
support decision and policy-making. The LCA methodology
has been increasingly applied to assess the environmental per-
formance (primarily focusing on carbon emissions) of carbon
utilisation technologies,>*** including that of electrochemical
reduction of CO, and for the production of formate. To the
best of the authors’ knowledge, no LCA study in the literature
has investigated the environmental performance of an IL-
based ER process to produce formate. The general approach to
implement LCA for assessing CCU technologies, including
common pitfalls, is discussed by von der Assen.*®?’
Dominguez-Ramos and co-authors’' quantified the carbon
intensity of formate production via electrochemical reduction
in aqueous solution using data from laboratory experiments
and simulations models. In 2019, Rumayor et al.'? investigated
the effects of the cathode’s lifetime on the environmental per-
formance using data from Dominguez-Ramos et al. They com-
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pared the environmental performance of producing formate
via electrochemical reduction of CO, and via homogenous cat-
alysis of CO, and H,.?® These studies demonstrated that pro-
ducing formate from electrochemical reduction can be com-
petitive, and under optimistic conditions even advantageous,
compared with the carbon footprint of the conventional
process. Ahn et al,”® which investigated the environmental
performance of formate production via CO, and H,, presents
one of the few studies focusing on several environmental cat-
egories other than climate change.

The remainder of this article is organised as follows:
section 2 describes the ER process and introduces the LCA
study in terms of goal and scope, inventory data and impact
assessment method; section 3 presents the LCA results, which
are discussed in section 4; the key conclusions are summar-
ised in section 5.

2 Methods

2.1 System description

Fig. 1 reports a schematic diagram of the novel system that
utilises CO, via electrochemical reduction (ER) for producing
formate. The ER process, which uses the super-basic room
temperature ionic liquid (IL) [P66614][124Triz], is based on
the experimental set-up developed by Hollingsworth et al.®
This envisages driving an electric current with an applied
potential of 0.7 V through a platinum and a silver electrode
immersed in 8 ml solution of acetonitrile, IL [0.1 M] and
water [5.6 M], while CO, is bubbled at a flow rate of 15 ml
min~". (The experimental set-up also included a reference
electrode [Ag/Ag+], against which potentials were measured.)
In these conditions, formate is produced with a faradaic
efficiency of 95%.'°

We assume that the resulting solution is fed into a purifi-
cation phase where formate is separated from unreacted
reagents and wastes, and concentrated. Unreacted reagents are
re-circulated and mixed with fresh synthesis solution; wastes,
which we assume include unseparated reagents as well as
ionic liquid that may be degraded, are treated as hazardous
waste and incinerated.>®* Of note, the low applied potential
may not lead to degradation of IL, but, to the best of the
Authors’ knowledge, this is yet to be experimentally confirmed.
In the absence of data in the literature, we model the purifi-
cation phase based on that developed by Dominguez-Ramos
et al.'* for a water-based ER process, which envisages a gas/
liquid separation unit and a distillation column.

Although ionic liquids are widely considered an advan-
tageous alternative sorbent for CO, capture,’ the effects of
impurities on the ER process are yet to fully understood. For
this reason, we assume that CO, is obtained from the exhaust
gas of a combined-cycle power plant that uses natural gas as
feedstock. The CO, is captured in a post-combustion capture
unit based on chemical absorption using mono-ethanolamine
(MEA) as solvent. The MEA-based capture technology, which
can easily be retrofitted to existing plants without making sub-

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Schematic diagram of the system investigated that produces formate via electrochemical reduction in ionic liquid of CO, captured from

natural gas power plant.

stantial changes to their design, is assumed to achieve a
capture efficiency of 90%, producing a nearly pure (typically
>99%) CO, stream;®" this is because the technology also cap-
tures others pollutants, including SO,, NO,, HCI and NH;. For
the purpose of this study, we make the simplifying assumption
that the captured-CO, stream does not require any purification
process.

2.2 Goal and scope

The goal of this study is to evaluate the environmental per-
formance of producing formate via electrochemical reduction
of captured CO,. We perform a scenario analysis to investigate
the effect of modelling assumptions and uncertain parameters
and to identify the highest environmental performance that
could be achieved under optimistic conditions. We identify
environmental hot-spots to suggest improvements in eco-
efficiency, and compare the environmental performance of the
carbon utilisation system with that associated with the conven-
tional process for producing formic acid (of note, formate can
be easily converted into formic acid, and vice versa); this envi-
sages synthesis via hydrolysis of methyl formate and hinges on
fossil fuels, primarily natural gas as feedstock."”

We adopt a prospective perspective and an attributional
approach. The former implies evaluation of the environmental
impacts that will occur in the future, when the process is
implemented at scale. The latter entails that the analysis does
not account for the environmental consequences - including
direct substitution of products and price rebound mechanisms
- that could follow implementation.*** The functional unit
corresponds to the production of 1 kg of formate. The system
boundaries, which are schematically reported in Fig. 2, are
“cradle-to-gate”: they include all activities from the extraction
of raw materials to the production of formate, excluding the
use phase of formate and its final disposal.

This journal is © The Royal Society of Chemistry 2021

2.3 Scenarios

The scenario analysis covers two operational parameters - the
recycling rate of unreacted reagents and thermal energy
requirements of the purification phase - the market value of
CO, and therefore the resulting allocation strategy, and current
and prospective electricity mixes; the parameters that are
investigated in the scenario analysis are reported in Table 1.
The scenarios covering the operational parameters reflect the
uncertainty of the process when implemented at scale. The re-
cycling rate is dependent on the proportion of degraded ionic
liquid (if any) and the efficiency of the purification phase, and
affects the amounts of unreacted reagents (ie., acetonitrile
and ionic liquid) that are recycled and of hazardous wastes
that are sent for disposal. We defined four recycling rates:
95%, 99%, 99.5% and 99.9%. A 95% recycling rate implies
that 95% of the solution that remains after purification is
recycled, with 5% being disposed of as hazardous waste. The
thermal energy consumption in the purification phase rep-
resents another important operational parameter. We investi-
gated three scenarios using literature data from Dominguez
Ramos et al;'" these represent a commercial-scale operation
(35 MJ kg™ of formate), laboratory-based conditions (150 M]
kg™") and optimal operating conditions where the thermal
consumption corresponds to the latent heat of vaporization of
formate (0.483 MJ kg™").

The market value of CO, affects the allocation strategy and
therefore the estimated environmental performance of the
carbon utilisation system. Allocation is a procedure used in
LCA to apportion the environmental impacts among the func-
tions of multi-functional processes. Our scenario analysis
covers three possibilities: CO, with a market value higher,
lower and equal to zero; the resulting allocation of the environ-
mental impacts is schematically represented in Fig. 3. When
the CO, has a negative market value, it is considered a waste;

Green Chem., 2021, 23, 6639-6651 | 6641
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Fig. 2 Schematic diagram of the “cradle-to-gate” system boundaries that are considered in this study.
Table 1 Operational parameters investigated in the scenarios analysis
Parameter Values
Recycling rate 95% 99% 99.5% 99.9%

Thermal energy consumption 150 MJ kg ™" of formate
(purification)

Electricity mix (EU-28)
Market value of CO, and
partitioning factors

2020
Nil market value.

No partitioning factors.

this entails that the ER process is multi-functional -i.e., it pro-
duces a valuable product, formate, whilst managing a waste,
CO, - and that its environmental impacts need be allocated
between its functions. Likewise, CO, becomes a product when
it has a positive market value. In this case, the environmental
impacts of the carbon capture unit are to be allocated between
its two functions: managing a waste, the flue gas, whilst produ-
cing a product, a pure CO, stream. The case of a nil market
value requires no allocation and assumes that the CO, that is
used in the electrochemical reduction process is burden-free,
i.e. it has no associated environmental impacts.

In this study, we implement the allocation procedure using
partitioning factors based on economic value,>® ie. the
environmental impacts of multi-functional processes are dis-
tributed according to the revenues (estimated as the product of
price and quantity) associated with the relevant products. We
calculated the partitioning factors based on the price of formic
acid,*® current and forecasted prices of CO,*”*® and carbon
taxes;*>*~** these are reported in Table 2. Notably, we made the
simplifying assumption that the carbon tax values are repre-
sentative of the cost of disposing of CO, when this has a nega-
tive market value. The resulting partitioning factors are
reported in Table 1, and represent the proportion of the
environmental impacts of the relevant process that are allo-
cated to formate. For example, in the case of a negative market
value of CO,, a partitioning factor of 80% means that 80% of

6642 | Green Chem., 2021, 23, 6639-6651

35 MJ kg™" of formate 0.483 MJ kg™* of formate
2030

Negative market value
(CO, as a waste).
Partitioning factors:
80%; 90%; 95%.

2050

Positive market value
(CO, as a product).
Partitioning factors:
10%; 50%; 90%.

the environmental impacts associated with the ER process are
allocated to the function of formate production, with the
remainder 20% to the function of waste management. On the
other hand, when the CO, has a positive market value, a parti-
tioning factor of 10% entails that 10% of the environmental
impacts of the carbon capture unit are allocated to the pro-
duction of CO,.

The last parameter covered by the scenario analysis is the
electricity grid mix. ER is inherently an energy-intensive
process; this implies that the environmental performance of
formate production can be significantly affected by the source
of electricity and therefore by the electricity grid mix. Our ana-
lysis covers three electricity mixes that are representative of the
average electricity grid mix in the European Union in 2020,
2030 and 2050.

2.4 Life cycle inventory

The inventory for the foreground system is based on a mix of
literature and laboratory experiment data, whilst the back-
ground system is modelled using data from commercial data-
bases including Sphera (previously Thinkstep) professional
database, service package 36" and Ecoinvnent version 3.5.**
We assume that the production of formate occurs in Europe.
The transportation of goods, unless not accounted for in the
relevant datasets, was not explicitly considered.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Schematic of the approach to allocating environmental impacts
based on the market value of CO,. The yellow area identifies the portion
of environmental impacts that is allocated to formate.

Table 3 reports inventory data for the electrochemical
reduction of CO, and for the subsequent purification phase,
which was obtained from Hollingsworth et al'>'® and
Dominguez-Ramos et al.,"" respectively (see section 2.1). The
amounts of reagents (i.e., water, ionic liquid, acetonitrile) and
wastes are dependent on the recycling rate, and are reported
according to the scenarios defined in section 2.3. We did not
consider the potential degradation of the working electrode:
this is believed to act as a catalyst for the reduction of CO,,
and experiments did not show any evidence of degradation (A.
Greer, personal communication, 2018).

Table 2 Price values used in developing allocation factors

Flow Values Sources

Pérez-Fortes et al. (2016)*°

IEA (2017); Schjolset (2014)***>
Parsons Brinckerhoff, (2011);
Quadrelli et al. (2011)>"%

Formate price 650 USD per ton
Carbon tax 36-140 USD per ton
Carbon dioxide 15-450 USD per ton
price

This journal is © The Royal Society of Chemistry 2021
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As noted in section 2.1, we modelled the purification phase
only on the basis of the amount of thermal energy required;
the relevant data was obtained from Dominguez-Ramos et al."*
for the case of a water-based electrochemical reduction
process. Data for ionic liquid production [P66614][124Triz] is
obtained from Cuéllar-Franca et al;*> Table S1 in the ESI{
reports electricity consumption and amounts of primary pre-
cursors. Inventory data for the carbon capture unit is based on
multiple literature sources;>*°™*® key operational data is
reported in Table 4, whilst material requirements for construc-
tion and capture performances are included in Tables S2, S3
and S4 in the ESL.} It must be noted that we considered that
the portion of flue gases that is not captured (and therefore
that is released into the atmosphere) represents an emission
of the carbon capture unit, which is allocated according to
the strategies described in section 2.3. The electricity grid
mixes are obtained from Sphera professional database (see
Fig. S1f), whilst the conventional process for formate pro-
duction in the UK is modelled using both Ecoinvent and
Sphera datasets.

2.5 Life cycle impact assessment

Environmental impacts are calculated using the ILCD/PEF
version 1.09 method.* Table 5 reports the environmental cat-
egories that have been analysed. The product system was mod-
elled with GaBi software.>”

3 Results

3.1 Scenario analysis

Fig. 4 reports the effect of the recycling rate parameter on the
environmental performance of formate production via electro-
chemical reduction of CO, in the ionic liquid
[P66614][124Triz]. We adopt a baseline scenario that includes
commercial-scale estimate for thermal energy consumption in
the purification phase (35 M] per kg formate), the 2020 EU
electricity grid mix and a nil market value for CO,. The
environmental impacts are compared with those of the con-
ventional process of formate production (see section 2.1), and
expressed as percentage difference; for example, a value of
10% means that the carbon utilisation system has an environ-
mental impact that is 10% greater than that of the convention-
al process. Numerical values are provided in the ESL{ With a
recycling rate of 95%, the system yields environmental impacts
that are between 2.5 and 50 times higher than those of the
conventional process. The chart demonstrates the profound
importance of the recycling rate parameter: the environmental
performance improves significantly with increasing recycling
rates. With a 99% recycling rate, the system outperforms the
conventional process only in terms of water consumption,
whilst underperforming by more than 100% in all other cat-
egories except for ozone depletion. At 99.5% the system
achieves lower environmental impacts than the conventional
process also in the ozone depletion category, whilst underper-
forming in two other environmental categories by less than

Green Chem., 2021, 23, 6639-6651 | 6643
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Table 3 Inventory data for the electrochemical reduction process and purification phase
Quantity Unit
Input flows Captured carbon dioxide (gas) 9.80 x 107" kg
Ionic liquid- make up based on different recycling rates (RT) RT 99.9%: 1.00 x 10> kg
RT 99.5%: 6.00 x 10"
RT 99%: 1.20 x 107"
RT 95%: 6.00 x 10"
Acetonitrile- make up based on different recycling rates (RT) RT 99.90%: 3.00 x 10> kg
RT 99.50%: 4.30 x 10"
RT 99.00%: 9.30 x 107"
RT 95.00%: 4.900 x 10"
Water 2.8%x10 kg
Silver electrode 4.10x10°° kg
Platinum electrode 8.40 x 107° kg
Electricity - stirring and heating 4.51E x 10" M]
Electricity- applied potential 5.00 x 1072 M]
Thermal energy-separation of formate form ionic liquid 3.60E x 10" MJ kg™!
1.50E x 107
4.83x107"
Output flows Hazardous wastes — output RT 99.90%: 1.10 x 10" kg
Based on the different recycling rates (RT) RT 99.50%: 5.60 x 10™"
RT 99.00%: 1.11 x 10
RT 95.00%: 5.60 x 10
Formate 1.00 x 10 kg
Table 4 Inventory data for the carbon capture unit based on mono-ethanolamine (MEA)
Quantity Unit References
Input flows Carbon dioxide in flue gas 1.10E x 10 kg Rao and Rubin (2002)*!
Sodium hydroxide 3.46 x 107° kg Rao and Rubin (2002)**
Monoethanolamine 6.22x107° kg Koorneef et al. (2008); Veltman et al. (2010)*>*”
Activated carbon 1.99 x 107° kg Rao and Rubin (2002)**
Electricity 3.40x 107" M] Koornneef et al. (2008)*°
Output flows Hazardous wastes 6.38 x107° kg Koornneef et al. (2008)*°
Captured carbon dioxide 1.00E x 10 kg Rao and Rubin (2002)*!

Table 5 Environmental categories analysed

Impact category

Impact Category Indicator units

Acidification

Climate change

Ecotoxicity for aquatic freshwater
Eutrophication, aquatic

Eutrophication, terrestrial

Human toxicity, cancer effects

Human toxicity, non- cancer effects
Ionising radiation, human health effects
Ozone depletion

Particulate matter/respiratory inorganics
Photochemical ozone formation
Resource depletion, mineral, fossil
Resource depletion, water

100%. At 99.9% the system outperforms the reference process
by 30-70% in six environmental categories: freshwater ecotoxi-
city, freshwater eutrophication, human toxicity (cancer and
non-cancer effects) ozone depletion and water consumption.
In the remaining categories, the system has higher impacts,
from 30% in the category respiratory inorganics and up to five
times in the category ionising radiation.

6644 | Green Chem., 2021, 23, 6639-6651

mol H' equivalent

kg CO, equivalent

CTUe (Comparative Toxic Unit for ecosystems)

Fresh water: kg P equivalent

Marine: kg N equivalent

mol N equivalent

CTUh (Comparative Toxic Unit for humans)

CTUh £Comparative Toxic Unit for humans)

kg U*** equivalent (to air)

kg CFC-11 equivalent

kg PM2.5-eq per kg (intake fraction for fine particles)
kg NMVOC (Non-Methane Volatile Organic Compounds) equivalent
kg antimony (Sb) equivalent

m? water use related to local scarcity of water

Fig. S2 and S3 in the ESI} report hot-spot analyses for 95%
and 99.9% recycling rates. For the former, a substantial
portion of the environmental impacts are associated with
either manufacturing or end-of-life of the reagents; this
explains why the recycling rate parameter is so important in
determining the environmental performance of the carbon
utilization system. With a 99.9% recycling rate, the environ-

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1gc02306c

Open Access Article. Published on 10 August 2021. Downloaded on 4/3/2026 7:27:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

Acidification [Mole of H+ eq.]
Climate change [kg CO2 eq.]

Ecotoxicity freshwater [CTUe]

Eutrophication freshwater [kg P eq.]

Eutrophication marine [kg N eq.]
Eutrophication terrestrial [Mole of N eq.]

Human toxicity, cancer effects [CTUh]

Human toxicity, non-cancer effects [CTUh]

lonizing radiation [kBq U235 eq.]

Ozone depletion [kg CFC-11 eq.]

1 11‘l'l11'|!1

Particulate matter/Respiratory inorganics [kg PM2.5 eq.]
Photochemical ozone formation [kg NMVOC eq.]

Resource depletion water [m? eq.]

Resource depletion, mineral, fossils and renewables [kg Sb eq.]
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Fig. 4 Percentage difference between environmental impacts of formate produced via electrochemical reduction and via the conventional alterna-

tive for four recycling rates.

mental impacts associated with the reagents are substantially
reduced; the dominant source of environmental impacts
becomes the electrochemical process, with the majority of
impacts originating from electricity requirements for stirring
and from production of platinum for the cell’s electrode

(Fig. S47).

We note that our recycling rate scenarios are purely specu-
lative and do not reflect actual operating conditions or
achieved performances, rather they were devised to identify
minimum operating conditions that would make the carbon
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Photochemical ozone formation [kg NMVOC eq.]
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utilisation system at least comparable with the conventional
process. For this reason, we adopt a 99.9% recycling rate as
part of the baseline scenario for the remainder of this article.
The other recycling rates yield too low performances for the
carbon utilisation system to be environmentally competitive
with the conventional process.

Fig. 5 shows results for the scenarios focusing on the
thermal energy requirements of the purification phase. The
environmental impacts are expressed as percentage difference
compared with the baseline scenario that assumes a 99.9% re-
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Fig. 5 Percentage difference between two scenarios for thermal energy consumption in purification compared to the baseline scenario (with a

thermal energy consumption of 35 MJ kg~* of formate).
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cycling rate and a thermal energy consumption of 35 M]J per
kg of formate, which is representative of a commercial scale
operation. The chart highlights significant changes in six
environmental categories, including climate change, eutrophi-
cation terrestrial and freshwater, photochemical ozone for-
mation and respiratory inorganics; notably, these categories
correspond those for which the thermal energy has non-negli-
gible contributions (see Fig. S3 in the ESIf). The scenario
representing laboratory-based conditions (150 MJ kg™") yields
increased environmental impacts compared to the baseline
scenario, ranging from 20% in the category particulate matter/
respiratory inorganics and up to 90% in climate change
impacts. On the other hand, the best-case scenario where the
thermal energy requirements correspond to the latent heat of
vaporization of formate (0.483 MJ kg™") reduces the environ-
mental impacts between 5% and up to 20% in the same
categories.

In Fig. 6 we investigate the impact of different allocation
strategies and partitioning factors that are associated with
alternative market values for CO,, compared to the baseline
scenario where the CO, is assumed to have a nil market value
(i.e., no associated environmental impacts). The comparative
analysis demonstrates that the environmental impacts of the
carbon utilisation system are significantly reduced when the
CO, has a negative market value (i.e., it is a waste), ranging
from 5% and up to 20% depending on the partitioning factor.
Notably, the extent of the reduction is equal in all categories
and corresponds to the complement (to 100) of the partitioning
factor, i.e. a partitioning factor of 90% yields a reduction of
10%. This is expected: when the CO, is considered a waste, only
a portion of the environmental impacts of the ER process is
allocated to formate (see section 2.3). On the other hand, the
scenario where the CO, has a positive market value (i.e., it is

Acidification [Mole of H+ eq.]
Climate change [kg CO2 eq.]
Ecotoxicity freshwater [CTUe]

Eutrophication freshwater [kg P eq.]
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modelled as a product) yields higher environmental impacts,
but the changes are less significant than the case when the
market value is negative. The increase in impacts remains
below 5% for the majority of the remaining categories; they are
above 10% only in the categories human toxicity, cancer effects
and water depletion for a partitioning factor of 90%. The only
exception is represented by the ozone depletion category, which
increases up to 20% when the partitioning factor equals 90%.

In Fig. 7 we analyse the effect of different electricity mixes
compared to the baseline scenario corresponding to the EU
electricity mix in 2020. The chart shows that both 2030 and
2050 electricity mixes yield substantial - and increasing -
environmental benefits in six environmental categories and
minor benefits in four categories, whilst yielding higher
environmental impacts in three categories. The highest
environmental benefits (>30%) are found for the categories
acidification, climate change, marine and terrestrial eutrophi-
cation, particulate matter/respiratory inorganics and photoche-
mical ozone formation; that is, categories that are strictly
related to fossil-based electricity generation. On the other
hand, the ionizing radiation category is that most negatively
affected by future electricity mixes (up to 25% for the electri-
city mix at 2050); this is due to the projected increased adop-
tion of nuclear power. The importance of the electricity grid
mix is explained by the hot-spot analysis (see Fig. S2 and S3 in
the ESIf) that shows that most of the environmental impacts
of the carbon utilization system with a recycling rate of 99.9%
originate from the electrochemical reduction, and in particular
from the consumption of electricity.

3.2 Comparative analysis

In Fig. 8 we compare the environmental performance of produ-
cing formate via electrochemical reduction of CO, and via the
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Fig. 6 Percentage difference between different allocation strategies and partitioning factors compared to the baseline scenario that assumes CO,

is burden-free (i.e., nil market value).
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Fig. 8 Percentage difference between baseline and best-case scenarios for the carbon utilisation system compared with conventional process of

producing formate.

conventional fossil-based process (see section 1). We include
two scenarios for the carbon utilisation system: the baseline
scenario which includes a 99.9% recycling rate (see section
3.1) and a best-case scenario that assumes a negative market
value for CO, and the lowest partitioning factor (80%), the
2050 electricity mix and the lowest thermal energy consump-
tion in the purification phase (0.483 MJ kg™" of formate). The
results are reported as percentage difference between the
environmental impacts of the two scenarios for the carbon

This journal is © The Royal Society of Chemistry 2021

utilisation system and those associated with the conventional
process. Numerical values are provided in the ESL.{

The best-case scenario yields significant improvements in
the categories where the baseline scenario underperforms the
conventional process, whilst benefits for the remaining cat-
egories are diminished. In only two categories — climate
change and particulate matter/respiratory inorganics - the
extent of environmental impacts reduction makes the best-
case scenarios environmental advantageous compared to the
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conventional process. Overall, our analysis shows that no
option is environmentally advantageous across the full spec-
trum of environmental categories. The scenarios for carbon
utilisation system outperform the conventional process in 6-8
categories (out of the 14 considered), including human and
environmental toxicity, freshwater eutrophication, ozone
depletion, water consumption and, for the best-case scenario,
climate change and respiratory inorganics. In particular,
formate production via carbon utilization yields climate
change impacts that are 179% higher in the baseline scenario
but 7% lower in the best-case one.

4 Discussion

Our study attempts to characterize the potential environmental
performance of a carbon utilization system that produces
formate from CO, captured from a natural gas power plant
using via electrochemical reduction in a novel ionic liquid
([P66614][124Triz]). Because the analysis relies on laboratory-
scale data, primarily obtained from literature sources, we
investigate different potential scenarios, covering the recycling
rate of unreacted reagents, the electricity grid mix, the con-
sumption of thermal energy in the purification phase, and
various allocation strategies and partitioning factors that are
associated with potential market values of CO,. We find that
the recycling rate is the most significant parameter in deter-
mining the environmental performance of the system. This is
because with a 95% recycling rate, most of the environmental
impacts are associated with the manufacturing of the reagents
and/or their incineration as hazardous waste (Fig. S21). Our
analysis indicates that the process needs to achieve a recycling
rate around 99.9% to be environmentally competitive with the
conventional process of formic acid production, which is
based on the hydrolysis of methyl formate obtained from
fossil sources. Recycling rates lower than 99.9% yield environ-
mental impacts that are many orders of magnitude higher
than those of the conventional process, making impossible to
reduce the gap via process optimization and scaling-up. The
recycling rate scenarios reflect the efficiency of the separation
process as well as the portion of unreacted reagents that may
be degraded. We are not aware of any lab-scale studies that
investigated these issues, and therefore the feasibility of reach-
ing such high recycling rate is uncertain and remains to be
tested.

The scenarios on allocation strategies and associated parti-
tioning factors reflect the short- and long-term uncertainty
regarding the market price of captured CO,. The current litera-
ture reports positive market prices in the order of 10-20 USD
per ton®® with the potential to raise up to 450 USD per ton.?”
However, the rising global pressure to reduce carbon emis-
sions will make available increasing quantities of captured
CO, to the market, which may drive market prices to below
zero.”"* In the absence of better literature data, we approxi-
mated the potential negative market prices of CO, with current
and projected carbon tax values; the underlying rationale is

6648 | Green Chem., 2021, 23, 6639-665]
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that it would be uneconomical (and illogical) to pay a price
higher than the carbon tax to dispose of a CO,-rich flue gas.
This is a simplifying assumption that is nonetheless insight-
ful: it demonstrates that negative market prices of CO, deliver
significant environmental benefits to the electrochemical
reduction process, and by extension to any carbon utilisation
system. Furthermore (and reassuringly) positive market values
do not significantly increase the environmental impacts; this
is because the environmental impacts of the carbon capture
unit are minor compared to those of the electrochemical
reduction process. It must be noted that, with any other
product system, different allocation strategies may yield sub-
stantially different environmental results (e.g. in the case of a
heat-and-power cogeneration plant?).

The scenarios on electricity grid mixes and thermal energy
requirements in the purification phase also provide interesting
insights. With a 99.9% recycling rate, the electricity consump-
tion of the electrochemical reduction process is one of the
major contributors to the environmental impacts of the
carbon utilization system; this explains why the electricity grid
mix is a significant parameter in determining the environ-
mental performance, in particular in those categories that are
typically associated with energy production from fossil fuels,
such as climate change, acidification, particulate matter for-
mation and photochemical oxidant formation. When moving
from the electricity grid mix in 2020 to the forecasts in 2050,
the impacts in these categories are substantially reduced and
only marginally balanced by less marked increases in other
categories (e.g. ionizing radiation and depletion of resources)
that are associated with nuclear and renewable energy sources.
Overall, our analysis shows that the projected decarbonization
of the power generation sector in the EU will bring significant
environmental benefits to the carbon utilisation system.

The scenarios on thermal energy requirements of the purifi-
cation phase show significant changes in a limited number of
categories, i.e. those for which this activity has non-negligible
contributions (see Fig. S21). Due to lack of literature data, we
used data for a water-based ER process. The actual environ-
mental impacts will be dependent on the specific technology
that is appropriate for an IL-based ER process, which, as we
noted above, needs to be investigated from a technical as well
as an environmental perspective.

We complete our analysis by comparing the performance of
the carbon utilisation system with that of the conventional
process for producing formate. Our results are interesting in
that they identify significant environmental trade-offs, with
neither alternative systematically outperforming the other. The
best-case scenario — which includes the most advantageous
partitioning factors for the case of a negative market value, the
2050 electricity grid mix and the lowest thermal energy con-
sumption in the purification phase - yields substantial
environmental improvements, especially in the categories
where the baseline scenario features low performances.
However, the extent of these improvements makes the carbon
utilisation system more advantageous than the conventional
alternative only in two additional categories (respiratory inor-
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ganics and climate change). The high consumption of electri-
city represents the key limitation of the carbon utilisation
system, but this may be overcome when scaling up from lab-
oratory to commercial scale. For this reason, our results are
conservative in that the environmental performance of the
carbon utilisation system should be higher when the process
is implemented at scale.

The underlying inventory represents the most important
limitation of this study; this is mainly due to the low
Technological Readiness Level (TRL) of the carbon utilisation
system. The inventory for the electrochemical reduction
process relies on laboratory-scale experiments, whilst that for
the purification phase, which also covers commercial scale
and a potential best case scenario (see section 2.4), is based on
a water-based ER process. To address this limitation, we inves-
tigated the environmental performance of various scenarios.
In this way, not only we accounted for the uncertainty of key
parameters, but we also estimated the performance of a poten-
tial best-case scenario. Nevertheless, future studies should
focus on assessing the technical and environmental perform-
ance of an optimised and scaled-up ER process based on IL for
the production of formate. The key issues that should be
addressed include modelling the purification phase specifi-
cally for an IL-based ER process (including the efficiency of
separation and the portion of degraded reagents) and develop-
ing a scaled-up ER process with optimised electricity and
thermal energy requirements. Of note, we don’t expect that an
IL-specific purification process will substantially affect the
environmental performance of the system because of the typi-
cally negligible vapor pressure of ionic liquids.*

The inventory for the MEA-based carbon capture unit is
more robust because the process has already been
implemented at a commercial scale and because it is obtained
from references widely adopted for LCA purposes, though sub-
stantially older than other references that we used throughout
the study. However, the carbon capture unit has minor contri-
butions to the overall environmental impacts (Fig. 6); as such,
we don’t expect that the adoption of new inventories will sig-
nificantly affect the results. For the same reason, we deem that
the assumption that the captured-CO, stream (which typically
has purity greater than 99%) does not require any pre-treat-
ment is reasonable. Future studies should investigate whether
and to what extent impurities may impair the electrochemical
reduction process, and therefore whether and what type of pre-
treatment is necessary.

The poor availability of data also meant that our analysis
did not account for the construction and decommissioning of
the ER unit; however, these are expected to have a small or
even negligible contributions to the environmental perform-
ance of the system.

5 Conclusions

This article presented a comprehensive Life Cycle Assessment
(LCA) study of a novel carbon utilization system that converts

This journal is © The Royal Society of Chemistry 2021
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CO, into formate (which can be easily converted into formic
acid) via electrochemical reduction using the ionic liquid
[P66614][124Triz]. We assumed that the CO, is obtained from
the exhaust gas of a natural gas power plant using the MEA-
based capture technology. Inventory data for the electro-
chemical reduction process mostly relies on laboratory experi-
ments; for this reason, we performed a scenario analysis to
investigate the effects of critical parameters and to identify a
potential best-case scenario. Our analysis indicates that the re-
cycling rate of unreacted reagents is the most significant para-
meter. The process needs to achieve a 99.9% recycling rate to
be environmentally competitive with the conventional process
of formic acid production, which relies on the hydrolysis of
methyl formate obtained from fossil sources. The recycling
rate depends on the efficiency of the separation process as well
as on the amount of degraded ionic liquids; both aspects need
to be investigated experimentally.

The market price of CO, represents another critical factor;
this affects the allocation strategy that is based on the econ-
omic value of the co-products. The environmental perform-
ance of the carbon utilization system for the production of
formate is substantially improved when the CO, has a sub-zero
market price; this could occur when the demand for captured
CO, is outstripped by its supply, which will be increasing in
the coming years as a means to mitigate climate change. On
the other hand, a positive market price decreases the perform-
ance of the system, but to a lesser extent. The other two para-
meters covered by the scenario analysis include the thermal
energy consumption in the purification phase and the electri-
city grid mix. The former significantly affects the environ-
mental performance in a limited number of categories, includ-
ing climate change. The latter yields substantial improvements
in the majority of environmental categories when moving from
the 2020 mix to that forecast in 2050, which includes higher
contribution of renewable and nuclear energy sources.

The comparative analysis highlights several environmental
trade-offs between the carbon utilization system and the con-
ventional process, with the former being preferable in 6-8
impact categories depending on the scenario considered.
Notably, the carbon utilisation system yields slightly lower
carbon emissions only in the best-case scenario. Our results
are conservative because the TRL of the electrochemical
reduction process is very low; this entails that the environ-
mental performance of the system is expected to be higher
when implemented at scale. Future works should focus on
investigating the environmental performance of an optimized
and scaled-up process.
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