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A B S T R A C T   

In this study, we report a cradle-to-gate life cycle assessment of assembling and operating an electrochemical cell 
for conversion of carbon dioxide (CO2) to formic acid. This process is followed by product separation via liq
uid–liquid extraction. The results suggest that cell operation yields the highest environmental impact cf. other 
processes. Parametric studies were performed to identify conditions that minimize the environmental impact. It 
was found that:  

(i) the stability of cell components, durability of cell performance, and cell operating parameters 
(e.g., current density or cell voltage) play a pivotal role on the carbon emissions;  

(ii) the optimal parameters include stable operation for at least 4,000 h at (ultrahigh) current 
densities (0.50–1.00 A cm− 2);  

(iii) through use of renewable energy sources zero carbon emissions may be achieved only if high 
cell performance conditions are met; and.  

(iv) the cumulative carbon emissions were predicted during the entire life cycle of the system 
(4,000 h), while modelling cell aging and corresponding decrease in performance. Here, the use 
of renewable energy is of outmost importance to achieve climate change mitigation.   

Introduction 

Over the past few decades, an increasing anthropogenic emission of 
greenhouse gases (GHGs), especially CO2, has led to profound conse
quences for both human well-being and the environment [1–4] (v. 
Section S1 of Supplementary Information). Such negative ramifications 
have driven much of the current research efforts towards the develop
ment of technologies to reduce GHG emissions and mitigate their 
environmental consequences. Among various approaches, electro
catalytic reduction of CO2 (CO2ER) represents a promising route to 

promote conversion of CO2 to useful chemicals [5–13], which, coupled 
with the use of electricity from renewable energy providers, could 
represent a green approach to utilize previously captured CO2. Despite 
this, construction of electrochemical cells for CO2ER and their operation 
are complex processes, which may require sophisticated synthetic pro
cedures or use of methods and technologies which may themselves come 
with a non-zero environmental impact. Clearly, environmental assess
ment of CO2 utilization technologies requires further exploration, as 
only a handful of studies has been reported so far [14–28]. Previous 
studies have successfully implemented a life cycle assessment (LCA) 
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approach to evaluate the environmental benefits of using CO2ER tech
nologies to produce formate (or formic acid), or other relevant products 
[15–26]. Typically, the formation of CO2ER products is main focus in 
such studies, however, upstream processes and downstream product 
separation need accounting as they may require considerable energy 
consumption [17,29]. A recent study by Nabil et al. [17] reports a 
comparative LCA which analyses the conversion of CO2 to an array of 
eight different products, considering both their generation and separa
tion to obtain high purity chemicals. In their assessment, most of the 
environmental impact was related to the energy requirement, which was 
majorly attributed to the conversion of CO2 to such products and their 
separation processes. Interestingly, the global warming impact was 
found to depend on the CO2 conversion product. 

To the best of our knowledge, there is still a lack of comprehensive, 
systematic LCA studies aimed at evaluating the environmental effect of 
tuning various experimental and operation parameters (v. Table S1 in 
Section S2 for survey of previous reports). The interplay between 
manufacturing and operation of CO2ER technologies also requires 
further exploration. In particular, it is paramount to investigate how 
optimization of energy-to-product conversion, stability and durability of 
CO2ER technologies can aid reducing the net carbon emissions, since 
these factors are potentially highly impactful under health and envi
ronmental perspectives. Previous reports have investigated the pro
duction of various useful chemicals from CO2ER, while also including 
some sensitivity analysis or the effect of the energy source to some extent 
[14–28]. However, since different frameworks and methods may yield 
to substantially different results, thus making comparison between 
studies rather challenging. Thus, it is paramount to provide a unifying, 
comprehensive study, in which these different aspects are explored 
using the same approach and consistent methodology. Furthermore, 
evaluation of manufacturing procedures should be as comprehensive as 
possible. 

For this purpose, a detailed cradle-to-gate LCA was carried out. 
Firstly, a comprehensive assessment was used to investigate the impact 
of CO2ER technologies using a baseline model. We focused on evaluating 
resource and energy requirements for CO2ER and all related energy- 
intensive upstream and downstream processes. As such, the aim is to 
evaluate the environmental impact of the entire electrochemical cell 
lifetime, including manufacturing or synthesis processes, cell operation 
and separation procedures to obtain a commercial grade product, here 
taken as formic acid (FA). The choice of the product is justified by 
various motivations, including its numerous applications in many in
dustrial processes and potential of being used as hydrogen carrier and 
for fuel cell applications. Furthermore, compared to other CO2ER 
products, FA has a high molar mass per electron transfer, which is 
energetically preferable for production by CO2ER [17]. Secondly, an 
important objective of this LCA is to complement the existing reports by 
carefully evaluating various factors, i.e., operational variables, which 
may affect most heavily the outcome of the analysis. Therefore, a 
parametric analysis was performed on the model; the overarching goal is 
to identify the set of conditions which offer a good match and/or 
compromise between product output, energy requirements, and mini
mal environmental impact. Finally, we performed an overall evaluation 
of the cumulative global warming impact over the whole lifespan of the 
cell, by factoring the decline in energy efficiency as the electrochemical 
device ages. The results of this LCA study are expected to provide 
valuable guidance in the development of CO2ER technologies, especially 
regarding ways in which, not only their performance, but also the 
environmental benefits of their implementation can be maximized. This 
will provide insights to favour the transition to more sustainable, carbon 
neutral technology. 

Methodology and framework 

The methodology, mathematical relationships, and life cycle in
ventory for this study are described in detail in Sections S3 and S4 of the 

Supplementary Information, alongside the goal and scope of the study. 
Briefly, the LCA was performed using the openLCA software in 
conjunction with the freely available databases. [30,31] The Tool for the 
Reduction and Assessment of Chemical and other environmental Im
pacts, [32–34] (TRACI 2.1) was selected as Life Cycle Inventory Analysis 
(LCIA) method (v. Section S5.1). Results of the analysis are tabulated in 
Section S6. 

The goal of the study is to evaluate the environmental impact of 
manufacturing and operating an electrochemical reactor for CO2ER and 
identify the optimal circumstances under which the impact can be 
minimized. To this end, we consider the interplay between upstream 
manufacturing processes and the operation of the CO2ER technology. 
We include an extremely extensive inventory to ensure that the 
description of manufacturing processes is as accurate as possible. The 
upstream processes will then be linked to the main process of interest for 
the model system, e.g., operation of the reactor. An additional down
stream process is added for product purification, to obtain commercial 
grade FA, e.g., at least 85 % purity of the product in its acidic form, 
rather than FA or its conjugate base (formate) in dilute aqueous solution. 
Details on the operation and purification unit processes are reported in 
Section S4.2 Operation processes of the Supporting Information. 

Results and discussion 

In the following sections, the LCIA results and their interpretation 
will be discussed. We will focus our attention on the GWP100 since 
provides a good tool for estimating the GHG emissions and is therefore 
particularly relevant to this study. For simplicity, we will often refer to 
the GWP100 as GHG emissions in the text. All results will be referenced 
to the functional unit of 1 kg of FA produced upon CO2ER. A schematic 
version of the model system is illustrated in Fig. 1, which shows the most 
relevant upstream processes linked to the process of interest, (operation 
of the reactor). The product purification (‘formic acid separation’) fol
lows it. Additional schematics are shown in Figures S1 and S2. 

The power grid (PG) (v. Section S3) is displayed explicitly as con
nected to a subset of unit processes. This PG has a carbon intensity of 
about 0.467 kg of CO2e per kWh of electricity produced. This value may 
be relatively large compared to the carbon emissions of electricity pro
duced in many US states or European countries. It can however be 

Fig. 1. Collapsed model graph of the model system for CO2ER. The Federal 
Commons LCA data repository [33] and the National Energy Technology Lab
oratory database for carbon capture and utilization [34] were used to support 
the implementation of the model. 
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considered more representative of the average carbon emissions from 
electricity worldwide, as of 2019. [35] In Section 4.5, we provide a 
Country-specific scenario of the global warming impact associated with 
the technology. Other processes in Fig. 1 also require energy providers 
but, for conciseness and clarity, these are not explicitly displayed. 

Baseline model 

For the first assessment, the results were computed by setting oper
ational parameters as explained in Section S4.2, i.e., 4,000 h cell oper
ation time at 1.00 A cm− 2 (at 5.48 V), [36] and 255 g/hour recovery of 
commercial grade FA upon liquid–liquid extraction. [37] A general 
analysis of the environmental impact for various categories is reported 
in Section S5.2. 

GHG Emissions. The analysis of GWP100 predicts ~ 5.5 kg of CO2e 
for 1 kg of FA produced (0.861 kg of CO2 utilized). Hence, positive, net 
emissions of GHGs are predicted when a generic electricity provider is 
used. More detailed impact results are reported in Table S15 and Fig. 2, 
which illustrate the absolute and percentage contributions to the 
GWP100 of the various processes. 

The energy consumption for cell operation and product separation 
account for most of the GHG emissions. Manufacturing of the electro
chemical and extraction/distillation assemblies accounts collectively for 
5.09 % of the overall GHG emissions, with manufacturing the reactor 
only accounting for 1.55 %. These findings are in qualitative agreement 
with previous reports of CO2ER and other energy-related technologies 
[15–17,38–40]. However, this study predicts higher GHG emissions cf. 
previous literature, likely due to the higher carbon intensity of the 

electricity and/or more extensive inventories of materials. Using a more 
comprehensive inventory of materials has the purpose of providing the 
most realistic as possible description of the manufacturing processes and 
thus the associated environmental impact, even if such processes are 
predicted to be less impactful cf. cell operation. When considering the 
electricity grid, this study uses a medium–high carbon intensity to 
provide a modern representation of the GHG emissions at the present 
time. For instance, Nabil et al. report an LCA for a similar technology 
using an electricity emission intensity of ~ 0.17 kg of CO2e/kWh 
(average carbon intensity in Canada) [17], i.e., nearly 3-fold lower than 
the one used in the present study (0.467 kg of CO2e/kWh). We envisage 
that the selection of a more carbon intense power grid helps assessing 
the global warming impact of the technology even in non-optimal cases, 
i.e., when the electricity used is not reliant on large shares of clean 
renewable energy sources. 

If we break down the impact of cell operation (PG) in various energy 
sources (Fig. 2(b)), the highest emissions arise from coal-based power 
generation (32.5 %) although it accounts only for 22 % of the total 
electricity produced. Clearly, decreasing the fraction of coal-based 
power, at least for cell operation, can help reduce GHG emissions by 
up to a third of the overall value. This is a clear-cut illustration of the 
importance of using clean electricity at least for operation, as a first step 
towards lower carbon emitting technologies. 

The following sections will present exploratory studies aimed at 
identifying ways in which these emissions can be minimized. This will 
be done by scanning selected operation parameters to ensure minimal 
environmental impact of implementing the CO2ER technology. 

To identify the parameters of highest environmental impact, a 
parametric study was performed on the model system. Details of the 
analysis are included in Section S5.2 of the Supporting Information, 
which also reports a general description of the impact for various cate
gories. In the text below, we will focus on how varying different pa
rameters affects GHG emissions. 

Parametric analysis 

Stability and durability 

Overview. The stability and durability of the electrochemical cell 
represent important factors which can affect both its economic and 
environmental feasibility. [16,41] Thus, in this study, we explore the 
implications that varying the cell lifetime has on the environment and 
global climate impact. To this end, the overall operation time of the cell 
was set to discrete values between 24 and 40,000 h; subsequently, 
assessment of environmental impact was performed at the various 
points. To first approximation, all other parameters are kept constant: in 
the last section of this study, we will assess how decline of cell perfor
mance throughout its lifetime can affect environmental impact. 

GHG emissions. The overall GWP100 as a function of the operation 
time is shown in Fig. 3(a). The GHG emissions are predicted to decrease 
sharply with the increase of cell lifetime. These results are broken down 
into different contributions, arising from various processes in Fig. 3(a) 
and 3(b). Manufacturing the two assemblies accounts for over 80 % of 
the overall GHG emissions at limited cell lifetimes. Particularly, 
assembling the extraction/distillation apparatus is associated by far with 
the highest impact (Fig. 3(b)). As our quantitative reference is the pro
duction of 1 kg of FA, when the operation time increases, contributions 
of manufacturing the assemblies decreases at the same time, until 
becoming negligible at 40,000 h of operation. Consequently, the impact 
associated with cell operation and product separation (energy con
sumption) becomes dominant at longer lifetime (>250 h). This is true 
since the faradaic efficiency, current density and other parameters are 
not changed. The GHG emissions approximately plateau around 4,000 h; 
further extension of the cell lifetime is not expected to greatly affect the 
impact. 

Therefore, we reckon that 4,000 h (or longer) of operation at the set 

Fig. 2. GWP100 impact results. (a) contribution of various processes, (b) 
Contribution of various power generation sources. The inset shows an enlarged 
view of the lowest contributions. 
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conditions could be considered an appropriate time to amortize the 
environmental cost of manufacturing and will be set as the ‘target’ 
durability for the following investigations. This would provide lower, 
although not negligible global warming impact. This finding is in only 
qualitative agreement with a previous study by Rumayor et al. [16], 
wherein the authors predicted a desired lifetime of cathode materials of 
210 h for amortizing the environmental effect of cathode fabrication. 
The discrepancy with the current results may arise from the use of a 
more extensive inventory, consisting of all major components to 
construct both the reactor and separation apparatus. 

In general, durability of a technology is always an important factor to 
limit the impact of manufacturing processes. However, the dependence 
is process-specific and, for CO2ER technologies is likely product-specific. 
For products of CO2ER with lower molar mass per electronic transfer (e. 
g., ethylene), energy requirements for CO2ER may dominate the impact 
even at short lifetimes; manufacturing processes would then be 
comparatively less urgent issues, c.f. optimization of operation param
eters (e.g., cell voltage/resistance, faradaic and energy efficiency, etc.). 

Current density and cell voltage 

The effect of varying the current density j (and associated voltage V) 
is explored by setting this variable to discrete values between 0.25 and 
1.50 A cm− 2, while maintaining the other parameters unvaried. The 
energy consumption required to perform CO2ER at various j values (and 
V) was calculated in accordance with previous studies on analogous 
electrochemical devices [36] (see Section S4.2). The energy for ancillary 
equipment was also included but was set to exclusively depend on the 
operation time (4,000 h). The product is assumed to be collected and 
separated by liquid–liquid extraction. The rate of recovery of the final 
product was not changed. The following analysis will assume that the 

faradaic efficiency does not change in this (wide) range of current 
densities. 

GHG emissions. The GWP100 results as a function of j are shown in 
Fig. 4. An initial, modest decrease in the GHG emissions is observed with 
increasing j (up to 0.75 A cm− 2), followed by a small, but steady in
crease. The initial decrease is attributed primarily to lower contributions 
arising from manufacturing the assemblies, as seen in both Fig. 4(a) and 
4(b). However, this effect is outrun by the larger demand in energy for 
CO2ER at higher current densities, wherein operation of the cell be
comes dominant. By contrast, since the separation of the product is 
assumed to occur at the same rate, the associated (absolute) contribution 
stays constant. Under the environmental perspective, it is therefore 
inferred that current densities of 0.50–1.00 A/cm2 may be favourable 
and sufficient to (i) render manufacturing processes negligeable and (ii) 
limit the environmental impact of energy consumption. Aiming for the 
higher end of this range could represent a good trade-off between 
lowering GHG emissions and obtaining good product output. The latter 
is necessary for larger-scale applications, and techno-economic analysis 
also suggests that current densities exceeding 1.00 A cm− 2 (lifetimes >
30,000 h) are required for industrial deployment of electrolysis tech
nologies. [42] When generic PG is considered, very high j values do not 
seem compatible with efforts aimed at minimizing the environmental 
impact. Furthermore, operation at high j may have an impact on the 
stability/durability of the cell materials. In this context, lower j may be 
advisable for decreasing material degradation, thus extending the cell 

Fig. 3. (a) Carbon emissions at different operation time; the contributions of 
various processes are shown, (b) percentage contributions of various processes. 

Fig. 4. Carbon emissions at different current densities; the contributions of 
various processes are shown, (b) percentage contributions of different pro
cesses. Recent experiments were used to model how the energy requirements 
for CO2ER change upon varying j [36]. 

S.J. Blazer et al.                                                                                                                                                                                                                                 



Sustainable Energy Technologies and Assessments 61 (2024) 103574

5

lifetime. 
Finally, the dependence of the GHG emissions on j is related to the 

cell performance and energy efficiency. Here, we refer to a recent 
publication [36] to model how the energy requirements for CO2ER 
change upon varying j, e.g., this part was evaluated based on available 
experimental data. The details in the trend and associated GHG emis
sions may vary to some extent depending on the experimental data used 
for the model. However, it is reasonable to assume that, at higher current 
densities, energy efficiency tends to decrease (v. Section 8). It can then 
be inferred that, despite higher products output, the global climate 
impact is bound to increase (v. Fig. 4 and Figure S3). It is our under
standing that a dependence on the product of CO2ER may also be 
observed due to possibly different molar masses per electron transfer. In 
these cases, the interplay between product output and energy re
quirements may be different. 

Role of renewable energies sources 

The results presented in the previous sections show that the energy 
usage, especially for CO2ER, is the dominant factor affecting the envi
ronmental feasibility of the CO2ER technologies. We investigated the 
role that renewable energy sources may play in favouring transition to 
lower carbon-emitting technologies. Thus, we selected five different 
electricity providers within the NETL CO2U Database version 2.0 [31], 
e.g., (adjusted) PG and Nuclear electricity as non-renewable providers, 
Solar Thermal, Hydrothermal and Wind as renewable sources. The 
operation time and current densities were varied in turns and the results 
computed at each point. 

GHG emissions. Fig. 5(a) shows a comparison between the GWP100 
estimated for the five electricity sources at three current densities (0.25, 
0.50 and 1.00 A cm− 2) and 4,000 h of operation. The dashed horizontal 
line represents the mass of CO2 consumed per production 1 kg of FA 
(0.861 kg), that is, the threshold at which zero carbon emissions are 
achieved. The use of PG results in 2–5 times higher GHG emissions cf. 
the other energy sources, some which return (close to) zero GHG 
emissions at 1.00 A cm− 2. 

Fig. 5(b) shows the estimated GHG emissions as a function of varying 
both j and durability of the cell for a renewable provider. The emissions 
consistently decrease with both higher j and longer cell lifetime. Our 
predictions suggests that very long lifetimes, exceeding 15,000 h, are 
required to achieve zero or negative GHGs emissions at current densities 
equal or lower than 0.25 A cm− 2, while 3,000–4,000 h are requiring at 
higher j values. Thus. the renewable source shows a different trend of 
GHG emissions with j (c.f. the generic PG), because the impact of 
manufacturing decreases higher j values, and, at the same time, higher 
energy consumption is counterbalanced by higher yields of FA. Thus, 
operation at ultrahigh j yields higher environmental benefits. This im
plies that clean energy favours minimum environmental impact at 
conditions which are more compatible with those invoked by tech
noeconomic analysis [42]. For their applicability, this also means that 
stability and durability of the cell materials becomes a less environ
mentally compelling issues when compared to the generic PG. 

In conclusions, the results in Fig. 5 confirm that use of clean energy 
sources [15,43], could represent a viable route to favour eco- 
compatibility of electrolysis and/or carbon utilization technologies, 
while also maximizing the use of intermittent renewable energy sources 
[15,23,43,44]. 

Cumulative life cycle emissions 

The primary aim of this section is to explore how the life cycle 
GWP100 varies with the decrease efficiency as a function of the opera
tion time. A higher operation voltage, owing to the degraded electro
chemical cell, leads to the lower energy efficiency for constant current or 
constant FA production. In this framework, we set the output of FA to be 
constant, while the energy consumption is increasing with increasing 

lifetime. Details about the model and background are reported in Sec
tion S.6 and S.8. Briefly, we perform the assessment at 100-hour in
crements (4,000 h in total). The functional unit was not restricted to 1 kg 
of FA, rather, the total mass of FA at each increment was used; con
sumption of CO2 and GHG emissions were compared. 

GHG Emissions. Fig. 6 illustrates the incremental and cumulative 
GHG emissions when the PG (Fig. 6(a) and 6(b)), and hydrothermal 
provider (Fig. 6(c) and 6(d)) are used for operation and product sepa
ration. Contributions of preparation of the set-ups are accounted once 
and are distributed throughout the entire lifetime of the cell. 

In Fig. 6(a) and 6(b), the GHG emissions undergo a steep increase 
after 3,000 h of operation, due to sharp increase in energy consumption. 
Here, the GHG emissions overwhelmingly outweigh the mass of CO2 
utilized, thus retuning net positive emissions at all times. When using 
hydropower (Fig. 6(c)), the GHG emissions are much lower than the CO2 
consumption (e.g., 7.4 kg of CO2e emitted vs. 8.3 CO2 consumed in the 
first 100 h of operation), due to the selection of the clean, renewable 
energy source for cell operation and product separation. Only at life
times longer than 3,000 h the environmental benefits are largely 

Fig. 5. GHG missions for various energy sources at three different current 
densities. (b) GHG emissions as a function of current density and lifetime when 
the hydroelectric energy provider is used for cell operation and product sepa
ration. Horizontal dashed line represents the net 0 emission threshold. 

Fig. 6. (a) GWP100 results and contributions of different processes at 100-hour 
time intervals up to 4,000 h, (b) cumulative GWP100, and mass of CO2 con
verted a at the above conditions. The electricity provider is a generic power grid 
representative of the US modern grid. 
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outweighed by the energy consumption. However, the cumulative GHG 
emissions (Fig. 6(d)) always remain negative or close to zero. After 
4,000 h, the cumulative GWP100 is calculated to be of ~ 334 kg of CO2e 
being emitted, per ~ 330 kg of CO2 converted, suggesting, again, that 
renewable energy for CO2ER, coupled to CO2 capture, can help reducing 
the global warming impact by a considerable amount, while at the same 
time obtaining a valuable product. 

Further considerations 

As a final consideration, we show three possible case scenarios for 
our proposed model system. Case 1 is modelled in accord with a recent 
study exploring the stability and durability of electrolysers for CO2-to- 
FA conversion [36], which we will take as a plausible scenario for state- 
of-the-art electrolysers developed in laboratory settings. While no 
additional process was added to the model, the product yield was here 
rescaled to match Faradaic Efficiency of ~75 % across 1,000 h operation 
at 0.25 A cm− 2. The results represent a lower limit for the GHG emis
sions, as in complete model, separation of by-products might also 
require accounting. Case 2 represents a desirable scenario under the 
environmental perspective, while case 3 is analysed by setting param
eters to optimistic values for large scale deployment according to recent 
techno-economic assessments (highest performance, stability, and 
durability) [42]. The parameters are specified in Fig. 7(a), alongside the 
associated results. Estimating uncertainties for our results is challenging 
as it requires accounting of possible uncertainty arising from a vast 
number of measurements as well as possible deviations due to as
sumptions and approximations made in the model. However, we may 
consider the results in Fig. 7(a) as upper and lower limits for GHG 
emissions in three possible case scenarios; in this instance, the associated 
GHG emissions show a deviation of about 1.1 kg of CO2e/kg of FA 
considering the three values (v. Section S5.1) for the PG, or 0.7 kg of 
CO2e/kg of FA for hydropower. Interestingly, when using the generic PG 
lower, the desired conditions for industrial deployment estimated upon 
techno-economic analysis do not match the optimal conditions for least 
GHG emitting scenario. This occurs only when a clean energy source 
(hydropower) is selected for operation of the cell and separation of the 
final product. In this model, uncertainties related to GHG emissions from 
energy production/usage may probably come with the largest uncer
tainty when compared to other processes. 

Furthermore, due to the heavy contribution of power generation, the 
carbon intensity of the electricity used for operation deserves consid
eration, since, for set operation parameters, it can affect the GHG 
emissions to colossal extent. In this context, for instance, the carbon 
intensity of electricity in European countries as of 2021 ranged from 946 
to 9 kg of CO2e per kWh [45]. As such, when Case 2 is considered, the 
associated distribution of GHG emissions would span a range between 
11.2 and 0.6 kg of CO2e/kg of FA (Fig. 7(b)), depending on the 
geographical location (as well as the time) which is considered for the 
analysis. In Fig. 7(b), we can see that the model system returns net 
negative emissions in Sweden (below red dashed line), where electricity 
comes primarily from renewable sources. The average US grid will place 
emissions in the US in between Ireland and Romania, still below the 
GHG emissions modelled in this study (grey dashed line). 

We did not model any alternative pathways for production of FA, 
however, LCA of thermochemical methods for FA production have been 
reported in previous studies [46,47], which primarily focus on energetic 
requirements for the process. The light blue shaded areas in Fig. 7 show 
the approximate ranges of GHG emissions evaluated for thermochemical 
methods (without subtracting for CO2 consumption) according to such 

previous studies. From this comparison, we may conclude that produc
tion of FA by CO2ER may be a comparably clean process when low 
carbon emitting electricity is used for cell operation and product 
separation. 

Conclusions and outlook 

We investigated the life-cycle environmental impact of 
manufacturing and operating an electrochemical cell for reduction of 
previously captured CO2 to FA. Purification of the product by liquid
–liquid extraction was considered. In many instances, cell operation and 
product separation were associated with the highest GHG emissions cf. 
other processes. This is attributed due to the high energy consumption 
required to perform these processes. Parametric studies were performed 
to evaluate the conditions and parameters which mostly affect the 
impact results. Furthermore, with the addition of the production of the 
cell to the life cycle analysis, the optimum minimum operation time can 
be evaluated. Accordingly, some considerations on the implementation 
of CO2ER technologies should be made, as it follows:  

(1) The use of clean energy sources is truly essential for cutting down 
on the emissions of GHGs. However, contrarily to the common 
conception, clean energy sources cannot be considered a priori 
the solution to obtain net zero or negative emissions. Our studies 
show that high cell performance, durability and high product 
yields are still crucial for achieving low GHG emissions, even 
when clean energy is used for operation processes.  

(2) Durability and stability of the electrochemical cell should be a 
concerning issue when considering the GHG emissions, especially 
if non-renewable electricity is used. Stability and longevity of the 
cell assure that environmental impact of manufacturing processes 
is minimized. In such cases, performing routine operation (CO2ER 
and product separation) can be considered the primary cause of 
environmental impact and optimization of performance can then 
promote meaningful reduction of GHG emissions. In our study, 
minimal impact is predicted at cell lifetime equal or longer than 
4,000 h.  

(3) The current density and cell voltage govern the interplay between 
energy consumption and reaction rate. Clearly, low voltages/ 
energy consumption are desired for low environmental impact, 
while ultrahigh current densities are imperative for large-scale 
deployment of CO2ER technologies, according to tech
noeconomic assessments. For the cell modelled here, we found 
here that current densities of 0.50–1.00 A cm− 2 are appropriate 
for minimizing GHG emissions when the generic PG is used. 
Using a clean energy source may allow environmental benefits 
even at higher current densities/energy consumption, such as 
those desired are useful for industrial application, if durability, 
and faradaic efficient remain suitable across the whole lifespan of 
the electrochemical cell. 

(4) Recent theoretical studies of CO2 utilization or comparable en
ergy technologies have employed sophisticated statistical or 
modelling approaches, some of which rely on artificial intelli
gence and machine learning, to evaluate performance and opti
mize large number of operational parameters. Such sophisticated 
models are largely employed to explore and rationalize the re
lationships between operation conditions and electrochemical 
properties of electrolysers or batteries [48–50]. Such methodol
ogy has already been applied to LCA for selected applications 
[51,52]. Implementation and use of such approaches could assist 
exploration of electrolysers and energy storage technologies, by 
providing a mean to optimize large number of parameters in 
time-effective manner and paving the way to more accurate 
environmental assessment of energy technologies. 

Fig. 7. (a) comparison between the GWP100 for Case 1–3 (from left to right), 
(b) predicted GWP100 for Case 2 in various European Countries. 
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