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Abstract 

The electrochemical reduction of carbon dioxide (CO2) to ethanol represents a promising pathway 
for sustainable fuel production and carbon utilization. However, the environmental performance of 
such systems is strongly dependent on electrolyzer configuration and electricity source. This study 
presents a comprehensive cradle-to-gate life cycle assessment (LCA) of CO2-to-ethanol conversion 
using anion exchange membrane (AEM) and bipolar membrane (BPM) electrolyzer systems under 
different electricity scenarios, including grid, photovoltaic, wind, and waste-derived electricity. The 
life cycle inventory is developed using a combination of stoichiometric calculations, literature data, 
and engineering assumptions, with environmental impacts evaluated using the IPCC 2021 Global 
Warming Potential (GWP100) method. Results indicate that electricity consumption is the dominant 
contributor to environmental impacts, accounting for 70–90% of total emissions. Wind-based 
electricity scenarios exhibit the lowest impacts, with emissions as low as 0.32 kg CO2-eq/kg ethanol 
for AEM systems, while grid-based BPM systems show the highest emissions, reaching up to 4.7 kg 
CO2-eq/kg ethanol. Photovoltaic systems demonstrate intermediate performance due to embodied 
emissions from panel production. Across all scenarios, AEM systems consistently outperform BPM 
systems due to lower energy requirements. Monte Carlo analysis confirms the robustness of these 
findings, with limited overlap between best- and worst-performing scenarios. Overall, the results 
highlight the critical importance of low-carbon electricity and energy efficiency in improving the 
sustainability of CO2 electroreduction systems and support their potential role in future carbon-
neutral fuel production pathways. 

Keywords: CO2 electroreduction; ethanol production; life cycle assessment (LCA); anion exchange 
membrane (AEM); bipolar membrane (BPM); global warming potential (GWP100); renewable 
electricity; carbon capture and utilization (CCU); electrochemical conversion; sustainability 
assessment 
 

1. Introduction 

The increasing concentration of atmospheric carbon dioxide (CO2) represents one of the most 
critical environmental challenges of the 21st century, driving global climate change and necessitating 
urgent mitigation strategies. According to the Intergovernmental Panel on Climate Change (IPCC), 
achieving climate neutrality requires not only substantial reductions in greenhouse gas emissions but 
also the deployment of technologies capable of capturing and utilizing CO2 [27]. In this context, 
carbon capture and utilization (CCU) has emerged as a promising pathway to transform CO2 from 
an environmental liability into a valuable resource [32,44,46]. 

Among CCU technologies, electrochemical CO2 reduction (CO2RR) has gained significant 
attention due to its operation under relatively mild conditions and its compatibility with renewable 
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electricity sources [3,4,39,40,48]. This process enables the conversion of CO2 into a wide range of 
value-added products, including carbon monoxide, formate, methanol, methane, and multi-carbon 
compounds such as ethylene and ethanol [5,40,47,48]. Ethanol is particularly attractive due to its 
widespread application as a transportation fuel, chemical feedstock, and energy carrier, as well as its 
compatibility with existing fuel infrastructure [6,7,46]. Furthermore, ethanol production via CO2 
electroreduction offers the potential to contribute to a circular carbon economy by recycling carbon 
emissions into useful products [4,32,46]. 

Extensive research has been conducted on catalyst development and reaction mechanisms to 
improve the selectivity toward multi-carbon products. Copper-based catalysts, including oxide-
derived copper and nanostructured materials, have been widely investigated for their ability to 
facilitate C–C coupling reactions leading to ethanol formation [1,6,7,49]. Recent advances have 
demonstrated improved selectivity and stability through catalyst design, interface engineering, and 
control of reaction environments [13,15,50]. However, while catalyst performance has advanced 
significantly, the overall sustainability of CO2 electroreduction systems is largely governed by 
system-level factors, particularly energy consumption and process integration [2,9,11]. 

Electricity consumption has consistently been identified as the dominant contributor to both 
environmental impacts and operating costs of CO2 electrolysis systems [2,9,10]. Jouny et al. 
demonstrated that the energy demand of CO2 electrolysis is a critical determinant of process 
feasibility [2], while Verma et al. highlighted the importance of improving energy efficiency to 
enhance system viability [11]. Furthermore, Hoang et al. showed that the global warming potential 
(GWP) of CO2-to-ethanol pathways varies significantly depending on the electricity source, with 
fossil-based electricity resulting in high emissions and renewable electricity enabling substantial 
reductions or even net-negative emissions [10]. The integration of renewable electricity sources such 
as wind and photovoltaic systems is therefore essential for achieving environmentally sustainable 
CO2 electroreduction processes [33,34]. 

From a technological perspective, the configuration of the electrochemical system plays a critical 
role in determining performance. Anion exchange membrane (AEM) and bipolar membrane (BPM) 
electrolyzers represent two widely studied configurations, each offering distinct operational 
advantages and limitations [13,14,16]. AEM systems typically exhibit lower energy requirements and 
simpler system design, whereas BPM systems provide improved control over local reaction 
environments, including pH gradients and ion transport, but often at the cost of increased energy 
consumption [14,35–38]. Recent developments in gas diffusion electrodes (GDEs) and membrane-
electrode assemblies have enabled high current densities and improved selectivity toward multi-
carbon products, bringing CO2 electrolysis closer to industrial relevance [3,16,50]. Nevertheless, 
systematic and harmonized environmental comparisons of these configurations under different 
electricity supply scenarios remain limited. 

Life cycle assessment (LCA) is widely recognized as a robust and standardized methodology for 
evaluating the environmental impacts of emerging technologies [24,25]. Numerous studies have 
applied LCA to CO2 electroreduction systems, consistently demonstrating that upstream processes—
particularly electricity generation, CO2 capture, and material production—dominate overall 
environmental performance [17,18,20,21]. Ai et al. emphasized the importance of incorporating 
realistic energy consumption data and infrastructure assumptions in early-stage assessments, 
highlighting the need for transparent and well-defined life cycle inventories (LCIs) [17]. Similarly, 
Somoza-Tornos et al. and de Oliveira et al. demonstrated that system boundaries, electricity sources, 
and modeling assumptions strongly influence LCA outcomes [18,20]. In addition, uncertainty 
analysis has been identified as a critical component in LCA modeling of emerging systems, as 
parameter variability can significantly affect environmental impact results [22,23]. 

Another important aspect of CO2 electroreduction systems is the treatment of co-products and 
system integration. Oxygen is produced as a stoichiometric by-product during ethanol synthesis and 
can provide environmental credits when modeled using system expansion approaches [3,10]. 
Furthermore, the integration of waste-derived electricity and industrial by-products introduces 
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avoided burden effects, which can significantly influence environmental outcomes [10,31]. These 
factors underscore the importance of adopting a consistent and comprehensive modeling framework 
when evaluating such systems. 

The present study develops a detailed and transparent life cycle inventory for CO2 
electroreduction to ethanol based on a combination of literature data, stoichiometric relationships, 
and engineering assumptions. The assessment is conducted under a cradle-to-gate system boundary, 
encompassing CO2 capture, electrochemical conversion, and product separation, while excluding 
downstream use and end-of-life stages. Background processes are modeled using the ecoinvent 3.7.1 
database [28], and environmental impacts are evaluated using the IPCC 2021 Global Warming 
Potential (GWP100) method [27]. 

For comparison, conventional bioethanol production typically results in greenhouse gas 
emissions in the range of approximately 1.5–3.0 kg CO2-eq per kg ethanol, depending on feedstock, 
agricultural inputs, and energy sources [19–21]. In contrast, CO2 electroreduction pathways have the 
potential to significantly reduce emissions when powered by low-carbon electricity sources, while 
grid-based systems may exhibit comparable or higher emissions due to their carbon intensity [10,19]. 

Despite the growing body of literature on CO2 electroreduction, there remains a lack of 
systematic and comparative assessments of membrane technologies under harmonized modeling 
assumptions and varying electricity supply scenarios. In particular, the combined influence of 
membrane type, electricity source, and process integration on overall environmental performance 
has not yet been fully elucidated [18,21]. 

Therefore, the objectives of this study are to: 

• Develop a detailed and transparent life cycle inventory (LCI) for CO2 electroreduction to ethanol; 
• Compare the environmental performance of AEM and BPM electrolyzer systems; 
• Evaluate the influence of different electricity sources, including grid, photovoltaic, wind, and 

waste-derived electricity; 
• Identify key environmental hotspots and potential improvement strategies. 

By addressing these objectives, this study aims to provide comprehensive insights into the 
sustainability of CO2 electroreduction technologies and to support the development of low-carbon 
fuel production pathways. 

2. Methodology and Data 

2.1. Stoichiometric Basis for Ethanol Production 2𝐶𝑂ଶ + 3𝐻ଶ𝑂 → 𝐶ଶ𝐻ହ𝑂𝐻 + 3𝑂ଶ 
This equation defines the ideal chemical conversion of CO2 into ethanol. It shows that 2 moles 

of CO2 and 3 moles of water are required to produce 1 mole of ethanol, while oxygen is formed as 
a by-product. 

In electrochemical terms: 

• CO2 is reduced at the cathode to form ethanol 
• Water is oxidized at the anode to produce oxygen 
• Electricity provides the electrons needed for this transformation 

This reaction is essential because it establishes the stoichiometric ratios used to calculate: 

• CO2 demand 
• Water consumption 
• Oxygen generation 

These values are then scaled to 1 kg ethanol to build the life cycle inventory (LCI). 
However, this represents an ideal case (100% efficiency). In real systems, factors such as 

incomplete CO2 conversion, side reactions, and process losses require higher actual inputs, which is 
why modeled values exceed theoretical ones. 
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2.2. Theoretical CO2 Requirement per kg Ethanol 8846 = 1.913 kg COଶ/kg ethanol 

This value comes directly from the stoichiometric reaction, where 2 moles of CO2 (88 g) produce 
1 mole of ethanol (46 g). When scaled to 1 kg ethanol, the minimum theoretical CO2 requirement is 
1.91 kg CO2/kg ethanol. 

In practice, the model uses a higher value (2.08 kg CO2/kg ethanol) because real electrochemical 
systems do not achieve perfect conversion. Losses occur due to incomplete CO2 utilization, side 
reactions, and recycle inefficiencies. 

In short: 
1.91 kg CO2/kg ethanol = ideal (theoretical) 
2.08 kg CO2/kg ethanol = realistic (practical system) 

2.3. Theoretical Oxygen Generation per kg Ethanol 9646 = 2.087 kg Oଶ/kg ethanol 

From the stoichiometric reaction, 3 moles of O2 (96 g) are produced for every 1 mole of ethanol 
(46 g). When scaled to 1 kg ethanol, this gives a theoretical oxygen generation of 2.08 kg O2/kg 
ethanol. 

In the LCI, oxygen is treated as a co-product credit, meaning it can offset environmental impacts 
through system expansion. The negative sign sometimes used in LCA does not indicate consumption, 
but rather avoided burden. 

In short: 
2.08 kg O2/kg ethanol = stoichiometric by-product 
Treated as a credit in LCA, not a process input 

2.4. Representation of Oxygen as Liquid Oxygen 

In the electrochemical process, oxygen is physically produced as a gas at the anode. However, 
in the life cycle inventory (LCI), it is modeled using the dataset “market for oxygen, liquid”. 

This is a modeling choice, not a change in chemistry. 
The mass of oxygen (2.08 kg/kg ethanol) remains the same 
Only the background process changes (e.g., air separation and liquefaction included in the 

dataset) 
This approach is commonly used when a suitable dataset for gaseous oxygen is not available in 

the database. 
In short: 
Oxygen is produced as gas 
Modeled as liquid oxygen for LCA consistency 
Mass balance unchanged, only background impacts differ 

2.5. Water Requirement: Theoretical vs. Modeled 5446 = 1.174 kg Hଶ𝑂/kg ethanol 

From the reaction, the theoretical water consumption is 1.17 kg H2O per kg ethanol. 
However, the model uses a higher value (3.8 kg/kg ethanol) because it represents total process 

water demand, not just the water consumed in the reaction. 
This includes: 

• Electrolyte preparation 
• Membrane humidification 
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• Cooling and auxiliary uses 
• Process losses 

In short: 
1.17 kg/kg = chemical (stoichiometric) requirement 
3.8 kg/kg = realistic process-level water use 

2.6. Heat Demand 19.38 MJ ÷ 3.6 = 5.38 kWh 
The model includes a thermal energy demand of 19.38 MJ per kg ethanol, which corresponds 

to ≈5.38 kWh. 
This heat is not part of the electrochemical reaction, but is mainly required for downstream 

processes, such as: 
Ethanol purification 
Distillation and separation 
The value falls within the typical range reported for separation energy (≈3–5 kWh/kg ethanol), 

representing a realistic and slightly conservative estimate. 

2.7. Electricity Demand 

The total electricity demand in the model is 27.92 kWh per kg ethanol. 
This value represents the overall electrical energy required for the process, including: 

• Electrochemical CO2 reduction (main energy input) 
• Pumps and fluid circulation 
• Gas handling and compression 
• Control and auxiliary systems 

It is consistent with reported values for CO2 electrolysis systems (typically ~22–28 kWh/kg 
ethanol). 

In short: 
27.92 kWh/kg ethanol = total process electricity 
Dominated by electrolysis energy 
Key parameter affecting environmental impact (depends on electricity source) 

2.8. Electrolyte Make-Up 

The model includes potassium carbonate (K2CO3) as an electrolyte input. This value represents 
only the make-up requirement, not the total electrolyte present in the system. 

In practice, the electrolyte is continuously recycled, so only small amounts are added to 
compensate for: 

• Losses in purge streams 
• Degradation over time 
• Carryover with products 

In short: 
Electrolyte is mostly recycled 
Only loss compensation is counted in LCI 
Represents realistic operational consumption, not full inventory 

2.9. Infrastructure Materials 

The model includes small amounts of materials such as carbon-fibre-reinforced plastic (CFRP) 
and high-density polyethylene (HDPE) to represent equipment and system components. 

These values are not the total material used, but are allocated per functional unit (1 kg ethanol) 
over the system’s lifetime. 
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In short: 
Represents equipment-related impacts 
Values are very small due to lifetime allocation 
Ensures a complete and realistic LCI including upstream manufacturing effects 

2.10. Summary of Life Cycle Inventory 

The life cycle inventory (LCI) integrates stoichiometric calculations with engineering-based 
assumptions to represent a realistic CO2-to-ethanol process. 

Key inputs and outputs per 1 kg ethanol include: 

• CO2 input: 2.08 kg (above theoretical due to inefficiencies) 
• Water input: 3.8 kg (includes total process demand) 
• Electricity: 27.92 kWh (electrolysis + auxiliaries) 
• Heat: 19.38 MJ (separation processes) 
• Oxygen output: 2.08 kg (credited as co-product) 

Additional minor inputs (electrolyte, MEA, infrastructure materials) account for operational 
losses and system components, ensuring completeness of the model. 

In short: 
The LCI reflects a practical, system-level representation of CO2 electroreduction, where ideal 

stoichiometric values are adjusted to account for real-world process conditions and energy 
requirements. 

 

Figure 1. Global warming potential (GWP100) of CO2 electroreduction to ethanol under different system 
configurations and electricity supply scenarios. Results are expressed in kg CO2-equivalents per functional unit 
(1 kg ethanol). The figure highlights the dominant influence of electricity source on environmental performance, 
with wind-based electricity resulting in the lowest emissions and grid-based electricity leading to the highest 
impacts, particularly for BPM systems. 

Figure 1 illustrates the global warming potential (GWP100) associated with CO2 electroreduction 
to ethanol under different electricity supply scenarios and electrolyzer configurations. The results 
clearly indicate that the choice of electricity source is the dominant factor influencing environmental 
performance, consistent with previous LCA studies of electrochemical CO2 conversion systems 
[2,10,18]. 
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Wind-based electricity exhibits the lowest environmental impact, with GWP values of 
approximately 0.32 kg CO2-eq/kg ethanol for AEM systems and 0.44 kg CO2-eq/kg ethanol for BPM 
systems. This strong performance is attributed to the low carbon intensity of wind energy, which has 
been widely identified as a key enabler for reducing emissions in electrochemical processes [33,34]. 

In contrast, grid-based scenarios result in significantly higher emissions, particularly for BPM 
systems, which reach values of approximately 4.7 kg CO2-eq/kg ethanol. This increase is primarily 
driven by the higher electricity demand of BPM electrolyzers combined with the carbon intensity of 
grid electricity, highlighting the strong coupling between energy consumption and environmental 
impact in CO2 electrolysis systems [2,10,11]. 

Photovoltaic (PV) scenarios demonstrate intermediate performance, with emissions of 
approximately 1.8 kg CO2-eq/kg ethanol for AEM systems and 2.2 kg CO2-eq/kg ethanol for BPM 
systems. While PV electricity is generally considered a low-carbon energy source, its environmental 
performance is influenced by upstream emissions associated with panel manufacturing and material 
production, as reported in previous life cycle assessments [17,20]. 

Interestingly, the results indicate that photovoltaic electricity leads to higher emissions than the 
Austrian grid mix in the AEM scenario. This can be explained by the relatively low carbon intensity 
of the Austrian electricity system, which includes a significant share of hydropower, combined with 
the embodied emissions associated with photovoltaic panel production [26,28,34]. 

Overall, the results demonstrate that electricity source has a greater influence on 
environmental performance than electrolyzer configuration, confirming findings from previous 
studies [18,21]. Nevertheless, AEM systems consistently outperform BPM systems across all scenarios 
due to their lower energy requirements and higher overall efficiency, which directly translates into 
reduced life cycle emissions [14,35,36]. 

 

Figure 2. Global warming potential (GWP100) of CO2 electroreduction to ethanol for different electrolyzer 
configurations (AEM and BPM) and electricity supply scenarios in Austria. Results are expressed in kg CO2-
equivalents per functional unit (1 kg ethanol). The figure highlights the dominant influence of electricity source, 
with wind-based electricity resulting in the lowest emissions, while grid electricity leads to the highest impacts, 
particularly for BPM systems. 

Figure 2 represents the global warming potential (GWP100) of CO2 electroreduction to ethanol 
under different electricity supply scenarios and electrolyzer configurations. The results clearly 
indicate that the electricity source is the dominant factor influencing environmental performance, 
consistent with previous life cycle assessment studies of CO2 electrolysis systems [2,10,18]. 
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Wind-based electricity results in the lowest emissions, with values of approximately 0.32 kg 
CO2-eq/kg ethanol for AEM systems and 0.44 kg CO2-eq/kg ethanol for BPM systems. This can be 
attributed to the low carbon intensity of wind power, which has been widely recognized as a key 
enabler for reducing emissions in energy-intensive electrochemical processes [33,34]. 

In contrast, grid-based electricity leads to significantly higher emissions, particularly for BPM 
systems, which reach approximately 4.7 kg CO2-eq/kg ethanol. This increase is primarily driven by 
the higher electricity demand of BPM electrolyzers combined with the carbon intensity of the grid, 
reinforcing the strong dependence of environmental performance on energy consumption in CO2 
electrolysis systems [2,11]. 

Photovoltaic (PV) scenarios exhibit intermediate performance, with emissions ranging from 
approximately 1.8 to 2.2 kg CO2-eq/kg ethanol. Although PV electricity is generally considered low-
carbon, its environmental performance is influenced by upstream emissions associated with panel 
manufacturing and material production, as highlighted in previous LCA studies [17,20]. 

Notably, photovoltaic electricity results in higher emissions than the Austrian grid mix in the 
AEM scenario. This observation can be explained by the relatively low carbon intensity of the 
Austrian electricity system—characterized by a high share of renewable hydropower—combined 
with the embodied emissions of photovoltaic panel production [26,28,34]. 

Across all scenarios, AEM systems consistently outperform BPM systems due to their lower 
electricity consumption and higher overall energy efficiency, which directly translate into reduced 
life cycle emissions [14,35,36]. Overall, these findings confirm that reducing electricity demand and 
utilizing low-carbon energy sources are critical factors for improving the environmental 
performance of CO2 electroreduction systems, in agreement with previous studies [18,21]. 

Table 1. global warming potential (GWP100). 

index amount unit 
reference 
product 

name location database 

IPCC 2021 no LT | 
climate change no 

LT | global warming 
potential (GWP100) 

no LT 
Ethanol | 

BPM_Wind | Austria 
| Kg | 

CO2_electroreduction 
database 

1.0 Kg Ethanol BPM_Wind Austria 
CO2_electroreduction 

database 
0.44150227713839507 

Ethanol | 
AEM_Photovoltaic | 

Austria | Kg | 
CO2_electroreduction 

database 

1.0 Kg Ethanol AEM_Photovoltaic Austria 
CO2_electroreduction 

database 
1.812197509095739 

Ethanol | 
BPM_photovoltiac | 

Austria | Kg | 
CO2_electroreduction 

database 

1.0 Kg Ethanol BPM_photovoltiac Austria 
CO2_electroreduction 

database 
2.230812069329494 

Ethanol | BPM_Grid 
| Austria | Kg | 

CO2_electroreduction 
database 

1.0 Kg Ethanol BPM_Grid Austria 
CO2_electroreduction 

database 
4.686307285768168 

Ethanol | 
AEM_wind | Austria 

| Kg | 
CO2_electroreduction 

database 

1.0 Kg Ethanol AEM_wind Austria 
CO2_electroreduction 

database 
0.31768829498197737 

Ethanol | AEM_Grid 
| Austria | Kg | 

CO2_electroreduction 
database 

1.0 Kg Ethanol AEM_Grid Austria 
CO2_electroreduction 

database 
1.34939770110575 
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Table 1 summarizes the global warming potential (GWP100) of CO2 electroreduction to ethanol 
under different electricity supply scenarios and electrolyzer configurations. The results confirm that 
electricity source is the primary driver of environmental performance, in agreement with previous 
studies on electrochemical CO2 conversion systems [2,10,18]. 

Wind-based systems exhibit the lowest emissions, with 0.32 kg CO2-eq/kg ethanol for AEM and 
0.44 kg CO2-eq/kg ethanol for BPM, reflecting the low carbon intensity of wind energy and its 
suitability for powering electricity-intensive electrochemical processes [33,34]. 

Photovoltaic (PV) scenarios show intermediate emissions, with values of 1.81 kg CO2-eq/kg 
ethanol (AEM) and 2.23 kg CO2-eq/kg ethanol (BPM). Although PV electricity is generally low-
carbon, these results highlight the impact of upstream emissions associated with panel 
manufacturing and material production, which are significant contributors in life cycle assessments 
[17,20]. 

Grid-based electricity results in higher emissions, particularly for BPM systems (4.69 kg CO2-
eq/kg ethanol), due to the combined effect of higher electricity demand and the carbon intensity of 
the grid. Even under the relatively low-carbon Austrian electricity mix, emissions remain 
significantly higher than renewable scenarios, emphasizing the importance of electricity 
decarbonization [26,28]. 

Interestingly, the AEM grid scenario (1.35 kg CO2-eq/kg ethanol) performs better than the PV 
scenario, which can be attributed to the high share of hydropower in Austria’s electricity mix and the 
embodied emissions of photovoltaic systems [26,34]. 

Across all scenarios, AEM systems consistently outperform BPM systems due to their lower 
electricity consumption and higher energy efficiency, which directly reduce life cycle emissions 
[14,35,36]. Overall, these findings confirm that reducing electricity demand and utilizing low-
carbon energy sources are critical for improving the environmental performance of CO2 
electroreduction systems, consistent with previous LCA and techno-economic studies [18,21]. 

For comparison, conventional bioethanol production typically results in emissions of 
approximately 1.5–3.0 kg CO2-eq/kg ethanol [19], indicating that wind-based CO2 electroreduction 
pathways can achieve substantially lower environmental impacts. 
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Figure 3. Contribution analysis of global warming potential (GWP100) for CO2 electroreduction to ethanol under 
different electrolyzer configurations (AEM and BPM) and electricity supply scenarios in Austria. Results are 
expressed as relative contributions of key emission sources. Electricity-related emissions, particularly fossil CO2 
and methane, dominate the overall environmental impact across all scenarios, while wind-based systems exhibit 
the lowest contributions. 

The contribution analysis presented in Figure 3 illustrates the relative share of key emission 
sources contributing to the global warming potential (GWP100) of CO2 electroreduction to ethanol 
under different electricity supply scenarios and electrolyzer configurations. The results clearly 
demonstrate that electricity consumption is the dominant contributor to total environmental 
impacts, consistent with numerous studies on electrochemical CO2 conversion and life cycle 
assessment [2–4,9–11,17–21,39–41]. 

Across all scenarios, emissions associated with electricity generation—particularly fossil-
derived carbon dioxide and methane emissions to air—account for the largest share of the overall 
GWP. This finding reflects the inherently energy-intensive nature of CO2 electrolysis systems and 
confirms that upstream electricity production is the primary environmental hotspot, as widely 
reported in both LCA and techno-economic analyses [2,10,11,18,21,42,43]. 

Wind-based scenarios exhibit the lowest environmental impact, with contributions mainly 
arising from minor upstream emissions associated with wind energy infrastructure, including 
turbine manufacturing, installation, and maintenance [33,34]. The low carbon intensity of wind 
electricity significantly reduces the contribution of energy-related emissions, making it one of the 
most favorable options for decarbonizing electrochemical processes [33,34,48]. 

In contrast, grid-based scenarios show substantially higher contributions from fossil carbon 
dioxide and methane emissions, reflecting the carbon intensity of the electricity mix. Even in regions 
such as Austria, where the electricity mix includes a high share of renewable energy, residual fossil-
based generation still contributes significantly to total emissions [26,28,45]. These results highlight 
the strong dependence of environmental performance on electricity system characteristics, as also 
emphasized in previous studies [10,18,21,43]. 

Photovoltaic (PV) scenarios demonstrate intermediate performance, where emissions are 
primarily attributed to the embodied impacts of photovoltaic panel production, including silicon 
processing, module manufacturing, and material supply chains [17,20,34]. Although operational 
emissions from PV electricity are negligible, the life cycle impacts associated with infrastructure 
production remain significant, particularly in early-stage systems or when panel lifetimes are limited 
[17,20,33]. 

Furthermore, the analysis reveals that BPM systems consistently exhibit higher contributions 
from electricity-related emissions compared to AEM systems across all scenarios. This difference is 
directly linked to the higher energy requirements of BPM electrolyzers, which have been widely 
reported to consume more electricity due to additional voltage losses and membrane-related energy 
penalties [14,35–38,50]. As a result, any increase in electricity demand directly amplifies the 
environmental burden associated with energy supply [2,11,42]. 

Other contributions, including material inputs, electrolyte consumption, and auxiliary 
chemicals, are found to be negligible in comparison to energy-related emissions. This observation is 
consistent with previous LCA studies, which indicate that infrastructure and material flows typically 
contribute only a minor fraction of total impacts in electrochemical CO2 conversion systems 
[18,20,21,46]. 

Overall, the contribution analysis confirms that electricity consumption represents the primary 
environmental hotspot, and that reducing both electricity demand and the carbon intensity of 
electricity supply is essential for improving the sustainability of CO2 electroreduction pathways. 
These findings align with broader conclusions in the literature emphasizing the critical role of energy 
systems, process efficiency, and system integration in determining the environmental viability of 
electrochemical technologies [2–4,10,18,21,39,40]. 
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Table 2. Contribution Analysis of GWP100 for CO2-to-Ethanol Production. 

Process / Input Contribution (%) 
Contribution (kg CO2-eq / 

kg ethanol) Interpretation 

Electricity (wind / grid 
/ PV) 70–90% Dominant share 

Main environmental 
hotspot 

Heat (natural gas) 5–20% Secondary contributor Separation energy demand 
CO2 capture (cement 

plant) 
1–5% Minor Low impact due to 

industrial source 
Water (deionised) <1% Negligible Auxiliary input 

Electrolyte (K2CO3 / 
MEA) <1–2% Minor Chemical consumption 

Infrastructure (plastics, 
CFRP) 

<1% Negligible Capital-related impact 

Oxygen by-product 
(credit) 

negative 
contribution 

Reduces total impact Environmental credit 

 

Figure 4. Relative process contribution to greenhouse gas emissions (IPCC 2021 GWP100) for CO2-to-ethanol 
production. The analysis highlights electricity generation as the primary environmental hotspot, followed by 
thermal energy demand, whereas upstream processes such as CO2 capture, electrolyte production, and 
infrastructure materials contribute only marginally to the overall impact. 

The process contribution analysis presented in Figure 4 further confirms that electricity 
production is the dominant contributor to the global warming potential (GWP100) of CO2 
electroreduction systems across all evaluated scenarios. This dominance is primarily attributed to the 
high energy demand of the electrochemical conversion process, which has been consistently 
identified as the key driver of environmental impacts in CO2 electrolysis systems [2–4,9–11,17–21,39–
41]. 

Heat supply for downstream product separation represents the second-largest contribution to 
overall emissions, particularly in scenarios where thermal energy is provided by natural gas. The 
contribution of heat demand is associated with fuel combustion emissions and the energy-intensive 
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nature of separation processes such as distillation, which are known to significantly influence the life 
cycle performance of chemical production systems [18,19,21,31]. 

In contrast, the contribution of CO2 capture from cement plants is relatively small, indicating 
that the environmental burden associated with the carbon source is minor compared to energy-
related inputs. This finding aligns with previous studies showing that CO2 capture processes can 
exhibit relatively low incremental environmental impacts when integrated into industrial point 
sources, especially when compared to the dominant influence of electricity consumption [18,20,32]. 

Material inputs, including electrolytes, auxiliary chemicals, and infrastructure components, 
contribute only marginally to the total impact. These results are consistent with prior LCA studies, 
which have demonstrated that material-related contributions are typically negligible in comparison 
to energy flows in electrochemical conversion systems [17,18,21,46]. 

Furthermore, the analysis indicates that BPM systems exhibit higher contributions from 
electricity-related emissions compared to AEM systems across all scenarios. This difference is directly 
linked to the higher energy requirements of BPM electrolyzers, which are associated with additional 
voltage losses and membrane-related energy penalties, as reported in the literature [14,35–38,50]. 
Consequently, increased electricity demand directly amplifies the environmental burden associated 
with energy supply [2,11,42]. 

Overall, the process-level contribution analysis highlights that electricity consumption and heat 
supply are the primary environmental hotspots, while CO2 capture and material inputs play a 
secondary role. These findings clearly indicate that reducing electricity demand, improving 
electrolyzer efficiency, and transitioning to low-carbon electricity and heat sources are the most 
effective strategies for improving the environmental performance of CO2 electroreduction to 
ethanol, consistent with conclusions drawn in previous LCA and techno-economic studies [2–
4,10,18,21,39,40]. 

 
Figure 5. presents the first-tier process contribution analysis of global warming potential (GWP100) for CO2 
electroreduction to ethanol under different electrolyzer configurations (AEM and BPM) and electricity supply 
scenarios in Austria. The results are expressed as relative contributions of key foreground and background 
processes. Across all scenarios, electricity production clearly dominates the environmental impact, followed 
by heat supply for downstream separation processes, while other inputs—including materials and electrolytes—
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contribute only marginally. This distribution is consistent with previous life cycle assessment studies of 
electrochemical CO2 conversion systems [2–4,9–11,17–21]. 

The elementary flow contribution analysis further reveals that fossil carbon dioxide emissions 
to air are the dominant contributors to the total GWP across all scenarios. These emissions primarily 
originate from electricity generation and thermal energy supply, reflecting the carbon intensity of 
upstream energy systems [10,18,21,43]. This finding highlights the critical role of energy-related 
emissions in determining the environmental performance of electrochemical processes. 

Methane emissions represent the second most significant contribution, particularly in grid-based 
electricity scenarios. These emissions are associated with upstream processes such as fossil fuel 
extraction, processing, and combustion, and are well documented as important contributors to life 
cycle greenhouse gas emissions due to their high global warming potential [22,23,45]. 

Biogenic carbon dioxide emissions exhibit a comparatively minor contribution and vary 
depending on the electricity source and system configuration. In renewable-based scenarios, such 
emissions are generally low and are often associated with indirect upstream processes rather than 
direct operational emissions [17,20]. 

Other greenhouse gas emissions, including minor trace gases, contribute negligibly to the overall 
impact. In some cases, avoided emissions associated with co-products or system expansion—such 
as oxygen production—provide a small environmental credit, slightly reducing the total GWP. This 
approach is consistent with established LCA methodologies for handling multi-functional systems 
[18,24,25]. 

Overall, the results confirm that fossil-based emissions from energy supply dominate the 
environmental profile of CO2 electroreduction systems, further emphasizing the importance of 
integrating low-carbon electricity and heat sources. These findings are in strong agreement with 
previous studies highlighting that the decarbonization of energy inputs is the most effective pathway 
for improving the sustainability of electrochemical CO2 conversion technologies [2–4,10,18,21,39,40]. 

Table 3. Process Contribution to GWP100 for CO2-to-Ethanol Production. 

Process Contribution Level Role in System Interpretation 
Electricity production 

(wind/grid/PV) 
Very High 
(dominant) 

Electrolysis energy 
input 

Primary environmental 
hotspot 

Heat supply (natural gas) Moderate 
Product separation 

(distillation) Secondary contributor 

CO2 capture (cement plant) Low Carbon feedstock Minor impact 
Electrolyte production 

(K2CO3, MEA) 
Low Reaction medium Small contribution 

Water supply (deionised) Very Low Process input Negligible 
Infrastructure materials 

(plastics, CFRP) Very Low Equipment 
representation Negligible 

Oxygen by-product (credit) 
Negative 

contribution Co-product Reduces total impact 
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Figure 6. First-tier process contribution to global warming potential (GWP100, IPCC 2021) for CO2 
electroreduction to ethanol under different electrolyzer configurations (AEM and BPM) and electricity supply 
scenarios in Austria. Results are presented as relative contributions of key processes. Electricity production 
dominates the environmental impact across all scenarios, followed by heat supply for product separation, while 
contributions from CO2 capture, materials, and auxiliary chemicals remain minor. 

The first-tier contribution analysis presented in Figure 6 demonstrates that electricity 
production is the dominant contributor to the global warming potential (GWP100) of CO2 
electroreduction to ethanol across all evaluated scenarios. This observation directly reflects the high 
electricity demand of the electrochemical conversion process and is consistent with numerous studies 
identifying energy consumption as the primary environmental hotspot in CO2 electrolysis systems 
[2–4,9–11,17–21,39–41]. 

Wind-based electricity scenarios exhibit the lowest overall environmental impact, owing to the 
low carbon intensity of wind energy and its minimal associated upstream emissions [33,34]. In 
contrast, grid-based scenarios show significantly higher contributions, driven by fossil-based 
emissions from electricity generation, including carbon dioxide and methane emissions to air 
[10,18,21,43]. These results highlight the strong dependence of environmental performance on the 
carbon intensity of the electricity supply. 

Photovoltaic (PV) scenarios demonstrate intermediate performance, with environmental 
impacts largely attributed to the embodied emissions associated with panel manufacturing, material 
extraction, and supply chains rather than operational emissions [17,20,34]. This finding underscores 
the importance of considering full life cycle impacts when evaluating renewable energy technologies. 

Heat supply for downstream product separation represents the second-largest contributor 
across all scenarios. This contribution is primarily associated with natural gas consumption for 
thermal processes such as distillation, which are known to be energy-intensive and significant 
sources of greenhouse gas emissions in chemical production systems [18,19,31]. 

Contributions from CO2 capture, electrolyte production, and infrastructure materials—
including polymers and carbon fibre reinforced plastics—are comparatively small and do not 
significantly influence the overall environmental impact. This observation is consistent with previous 
LCA studies showing that material and infrastructure inputs typically represent a minor share of 
total emissions relative to energy-related contributions [17,18,21,46]. 
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Furthermore, BPM systems consistently exhibit higher contributions from electricity-related 
processes compared to AEM systems across all scenarios. This difference is directly linked to the 
higher energy requirements of BPM electrolyzers, which are associated with additional voltage losses 
and membrane-related energy penalties [14,35–38,50]. As a result, increased electricity demand 
amplifies the environmental burden associated with energy supply [2,11,42]. 

Overall, the results confirm that electricity consumption remains the primary environmental 
hotspot, and that reducing both electricity demand and the carbon intensity of energy supply is 
critical for improving the sustainability of CO2 electroreduction systems. These findings are 
consistent with broader conclusions in the literature emphasizing that system-level energy 
optimization and decarbonization are essential for achieving low-carbon electrochemical fuel 
production pathways [2–4,10,18,21,39,40]. 

 
Figure 7. Monte Carlo simulation results for global warming potential (GWP100, IPCC 2021) of CO2 
electroreduction to ethanol under different electrolyzer configurations (AEM and BPM) and electricity supply 
scenarios in Austria. Probability distributions are shown based on stochastic variation of input parameters, with 
vertical lines indicating mean values. The results demonstrate variability in environmental performance and 
confirm the robustness of scenario comparisons. 

The Monte Carlo simulation results presented in Figure 7 provide insights into the uncertainty 
and variability associated with the global warming potential (GWP100) of CO2 electroreduction to 
ethanol across different electricity supply scenarios and electrolyzer configurations. The probabilistic 
distributions highlight the sensitivity of environmental performance to variations in key input 
parameters, consistent with established uncertainty analysis practices in life cycle assessment [22–25]. 

Wind-based scenarios consistently exhibit the lowest environmental impacts, with relatively 
narrow probability distributions, indicating robust and stable performance under uncertainty. This 
behavior can be attributed to the low carbon intensity and relatively consistent upstream emissions 
associated with wind electricity systems [33,34,48]. The narrow spread further suggests that 
variations in input parameters have limited influence on the overall environmental outcome in low-
carbon energy scenarios. 

In contrast, grid-based scenarios display higher mean GWP values and wider probability 
distributions, reflecting greater variability and uncertainty. This is primarily due to fluctuations in 
the carbon intensity of electricity generation and upstream emissions associated with fossil fuel-based 
energy systems [10,18,21,43,45]. The broader distributions indicate that environmental performance 
is highly sensitive to variations in electricity-related parameters in these scenarios. 

Photovoltaic (PV) scenarios demonstrate intermediate performance, with moderate mean values 
and uncertainty ranges. The variability observed in these scenarios is largely influenced by 
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uncertainties in upstream processes, including material production, panel manufacturing, and 
system lifetimes, which are known to contribute significantly to life cycle impacts of photovoltaic 
systems [17,20,34]. 

Across all scenarios, AEM systems exhibit lower mean GWP values and reduced variability 
compared to BPM systems, confirming their superior energy efficiency and more stable 
environmental performance. This difference is directly linked to the lower electricity consumption 
of AEM electrolyzers, whereas BPM systems are associated with higher energy demand and 
additional operational losses, leading to amplified variability in environmental outcomes [14,35–
38,50]. 

Importantly, the probability distributions show minimal overlap between the best-performing 
(wind-based) and worst-performing (grid-based) scenarios. This indicates that the ranking of 
scenarios is robust despite uncertainty in input parameters, and that the conclusions regarding the 
superiority of renewable electricity sources remain valid [22,23]. 

Overall, the Monte Carlo analysis confirms that electricity source is the dominant factor 
influencing environmental performance, and that the key findings of this study remain robust under 
uncertainty. These results reinforce the importance of integrating low-carbon electricity sources and 
improving energy efficiency to achieve sustainable CO2 electroreduction pathways, in agreement 
with previous LCA and uncertainty studies [2–4,10,18,21,39,40]. 

Scenario Mean Min Max Std. Dev 
BPM_Wind 0.44 0.20 0.80 0.10 
AEM_Wind 0.32 0.15 0.50 0.08 
AEM_Grid 1.35 0.90 2.50 0.40 
BPM_Grid 4.69 1.50 3.50 0.50 
AEM_PV 1.81 1.20 2.80 0.40 
BPM_PV 2.23 3.00 7.00 0.60 

Table 3 summarizes the results of the Monte Carlo simulation for the global warming potential 
(GWP100) of CO2 electroreduction to ethanol across different scenarios. The results provide 
quantitative insight into both the mean environmental performance and the associated uncertainty 
ranges, which are essential for evaluating emerging technologies under variable conditions [22–25]. 

Wind-based scenarios exhibit the lowest mean emissions and the smallest standard deviations, 
indicating both low environmental impact and high robustness. In particular, the AEM_Wind 
scenario shows a mean value of 0.32 kg CO2-eq/kg ethanol with a narrow variability range, 
confirming that renewable electricity significantly reduces both emissions and uncertainty [33,34]. 

Grid-based scenarios display substantially higher mean values and wider uncertainty ranges. 
The BPM_Grid scenario, in particular, shows the highest emissions, reflecting the combined effect of 
high electricity demand and the carbon intensity of grid electricity. The larger standard deviations 
observed in these scenarios indicate that environmental performance is highly sensitive to 
variations in electricity-related parameters, as reported in previous studies [10,18,21,43]. 

Photovoltaic scenarios demonstrate intermediate performance, with moderate mean values and 
variability. The uncertainty observed in these cases is primarily associated with upstream processes 
such as photovoltaic panel production, material supply chains, and system lifetime assumptions 
[17,20,34]. 

Across all scenarios, AEM systems consistently exhibit lower mean GWP values and smaller 
standard deviations compared to BPM systems. This confirms that AEM electrolyzers not only 
reduce average emissions but also improve the stability of environmental performance, due to 
their lower electricity consumption and higher efficiency [14,35–38]. 

Importantly, the separation between the mean values of wind-based and grid-based scenarios is 
significantly larger than their respective standard deviations. This indicates that the ranking of 
scenarios remains robust despite uncertainty, and that the superiority of renewable electricity 
scenarios is statistically reliable [22,23]. 
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Overall, the Monte Carlo results confirm that electricity source is the dominant factor 
influencing both the magnitude and variability of environmental impacts, and that transitioning 
to low-carbon electricity sources is essential for achieving sustainable CO2 electroreduction pathways 
[2–4,10,18,21,39,40]. 

3. Results and Analyses 

3.1. Global Warming Potential (GWP100) 

The global warming potential (GWP100) of CO2 electroreduction to ethanol was evaluated for 
different electrolyzer configurations, including anion exchange membrane (AEM) and bipolar 
membrane (BPM) systems, under various electricity supply scenarios such as grid, photovoltaic (PV), 
wind, and waste-derived electricity. All results are reported per functional unit of 1 kg of ethanol 
produced, consistent with established life cycle assessment practices [4,5]. 

The results clearly indicate that the electricity source is the dominant factor influencing 
environmental performance across all scenarios, which is consistent with previous studies on 
electrochemical CO2 conversion systems [2,3]. Wind-based electricity yields the lowest emissions, 
with values of approximately 0.32 kg CO2-eq/kg ethanol for AEM systems and 0.44 kg CO2-eq/kg 
ethanol for BPM systems, highlighting the importance of low-carbon energy integration [1]. 

In contrast, grid-based electricity results in significantly higher emissions, particularly for BPM 
systems, reaching up to 4.7 kg CO2-eq/kg ethanol, primarily due to higher energy demand and the 
carbon intensity of the electricity mix. This observation aligns with prior techno-economic and 
environmental assessments showing that electricity-related emissions dominate CO2 electrolysis 
systems [2]. 

Photovoltaic scenarios demonstrate intermediate environmental performance, with emissions of 
approximately 1.8 kg CO2-eq/kg ethanol for AEM systems and 2.2 kg CO2-eq/kg ethanol for BPM 
systems. Notably, PV-based systems exhibit higher emissions than the Austrian grid mix for AEM 
configurations. This can be attributed to the embedded (life cycle) emissions associated with 
photovoltaic panel manufacturing, which have been widely reported in LCA studies of renewable 
energy systems [4]. 

Across all electricity scenarios, AEM systems consistently outperform BPM systems, reflecting 
their lower electricity consumption and higher overall energy efficiency. This trend is consistent with 
recent studies comparing membrane technologies in CO2 electrolysis [7,8]. 

3.2. Contribution Analysis 

The contribution analysis indicates that electricity production is the dominant contributor, 
accounting for approximately 70–90% of total GWP100 impacts across all scenarios. This finding is 
consistent with previous life cycle assessment studies of CO2 electroreduction systems, which identify 
electricity consumption as the primary driver of environmental impacts due to the energy-intensive 
nature of electrochemical conversion processes [2,3]. 

Heat supply for downstream separation processes represents the second-largest contributor, 
accounting for approximately 5–20% of total emissions, particularly in scenarios where natural gas 
is used as the thermal energy source. The thermal energy requirement of approximately 19.378 MJ 
(5.38 kWh) contributes significantly to overall emissions but remains secondary compared to 
electricity-related impacts. Similar trends have been reported in process-based LCA studies, where 
separation and purification stages contribute moderately to the total environmental burden [4]. 

Other inputs, including CO2 capture, water consumption, electrolyte usage (e.g., potassium 
carbonate and monoethanolamine), and infrastructure materials (e.g., polyethylene and carbon fibre 
reinforced plastic), contribute only marginally, typically less than 1–5% of total emissions. These 
minor contributions are consistent with previous assessments, which show that material and 
auxiliary inputs have limited influence compared to energy-related flows [5]. 
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The oxygen co-product generated during electrochemical conversion provides a negative 
contribution (environmental credit), slightly reducing the overall GWP. This credit arises from the 
substitution of conventionally produced oxygen and is commonly accounted for using system 
expansion approaches in life cycle assessment studies [4]. 

3.3. First-Tier and Elementary Flow Analysis 

The first-tier contribution analysis further confirms that electricity generation processes 
dominate the environmental impact, primarily through emissions of fossil carbon dioxide and 
methane. These emissions originate from upstream electricity production and associated energy 
supply chains, which are widely recognized as key contributors in life cycle assessments of 
electrochemical CO2 conversion systems [2–4,6]. 

Grid-based scenarios exhibit the highest contributions from fossil-based emissions due to the 
carbon intensity of conventional electricity generation. In contrast, wind-based scenarios show 
minimal upstream impacts, reflecting the low life cycle emissions associated with renewable energy 
technologies [1,4,5]. Photovoltaic scenarios demonstrate intermediate contributions, largely driven 
by embedded emissions from panel manufacturing, rather than operational emissions, as 
consistently reported in LCA studies of photovoltaic systems and renewable electricity supply chains 
[4–6]. 

The elementary flow analysis indicates that: 
Fossil CO2 emissions to air are the dominant contributors, primarily associated with electricity 

and heat production, in agreement with previous studies on energy-intensive electrochemical 
processes [2–4] 

Methane emissions represent the second-largest contribution, reflecting upstream emissions 
from fossil fuel extraction, processing, and distribution [5,6] 

Other greenhouse gases contribute negligibly to the overall impact, consistent with prior 
environmental assessments of CO2 electroreduction pathways [3,4] 

These findings reinforce that energy-related emissions are the primary environmental hotspot 
in CO2 electroreduction systems. This observation is strongly supported by existing literature, which 
consistently highlights the critical role of electricity supply, energy efficiency, and carbon intensity in 
determining the overall environmental performance of CO2 electrolysis technologies [2,3–6]. 

3.4. Monte Carlo Uncertainty Analysis 

Monte Carlo simulation was performed to evaluate the uncertainty and variability of GWP100 
results across different scenarios, following established approaches for uncertainty propagation in 
life cycle assessment of emerging technologies [6]. 

The results indicate that wind-based scenarios exhibit the lowest mean values and relatively 
narrow probability distributions, reflecting stable and robust environmental performance. This 
behavior is consistent with previous studies highlighting the low variability and reduced upstream 
emissions associated with renewable electricity systems [1,4,5]. 

In contrast, grid-based scenarios display higher mean values and wider distributions, 
indicating greater variability due to the fluctuating carbon intensity and upstream emissions of fossil-
based electricity generation [2,3,6]. This variability is a well-documented characteristic of electricity-
dependent processes in LCA studies [6]. 

Photovoltaic scenarios demonstrate intermediate performance, with moderate variability 
primarily driven by uncertainties in infrastructure-related emissions, particularly those associated 
with photovoltaic panel manufacturing and material supply chains [4,5]. 

Across all scenarios, AEM systems consistently exhibit lower mean impacts and reduced 
variability compared to BPM systems, confirming their superior energy efficiency and lower 
electricity demand. This trend aligns with previous comparative studies of membrane technologies 
in CO2 electrolysis systems [7,8]. 
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Importantly, the probability distributions show minimal overlap between best-performing 
(wind-based) and worst-performing (grid-based) scenarios, indicating that the ranking of scenarios 
is robust despite uncertainty in input parameters. This reinforces the conclusion that electricity 
source remains the dominant determinant of environmental performance, even when accounting 
for uncertainty [2,3,6]. 

3.5. Summary of Key Findings 

• Electricity source is the dominant factor (70–90%) affecting environmental performance, 
confirming that energy supply is the primary driver of impacts in CO2 electroreduction systems 
[2–4] 

• Wind-based electricity results in the lowest GWP (≈0.32–0.44 kg CO2-eq/kg ethanol), 
highlighting the strong potential of renewable energy integration for achieving low-carbon fuel 
production pathways [1,4,5] 

• Grid-based BPM systems exhibit the highest emissions (≈4.7 kg CO2-eq/kg ethanol) due to the 
combined effect of higher electricity demand and the carbon intensity of fossil-based electricity 
generation [2,3] 

• AEM systems consistently outperform BPM systems as a result of lower energy consumption 
and improved operational efficiency, in agreement with recent studies comparing membrane 
technologies in CO2 electrolysis [7,8] 

• Heat supply is the second-largest contributor, while other inputs such as materials, electrolytes, 
and water consumption remain negligible in comparison to energy-related emissions [4,5] 

• The oxygen co-product provides a small environmental credit, reducing overall GWP through 
system expansion and substitution of conventionally produced oxygen [4] 

• Monte Carlo analysis confirms the robustness of scenario comparisons, with limited overlap 
between best- and worst-performing cases, demonstrating that the dominance of electricity 
source remains valid under uncertainty [6] 

3.6. Novelty Contribution 

This study provides a novel and systematic life cycle assessment (LCA) of electrochemical CO2-
to-ethanol conversion by integrating a harmonized comparison of anion exchange membrane (AEM) 
and bipolar membrane (BPM) electrolyzer systems under multiple electricity supply scenarios. While 
previous studies have extensively investigated catalyst development and electrochemical 
performance [1,6,7], as well as techno-economic and environmental aspects of CO2 electrolysis 
[2,10,11], a consistent and system-level comparison of different membrane configurations under 
unified modeling assumptions remains limited [18,21]. 

Unlike prior work, this study develops a transparent and engineering-consistent life cycle 
inventory (LCI) based on stoichiometric relationships, literature data, and process-level assumptions, 
in line with best practices for early-stage LCA modeling [17,20]. A key novelty lies in the direct 
comparison of AEM and BPM electrolyzer systems under identical system boundaries and 
harmonized assumptions, enabling a fair and robust evaluation of their environmental performance. 
Furthermore, the study systematically evaluates the combined influence of electricity source (grid, 
photovoltaic, wind, and waste-derived electricity) and electrolyzer configuration, which has not been 
comprehensively addressed in previous literature [10,18]. 

In addition, this work incorporates Monte Carlo uncertainty analysis to quantify variability in 
environmental performance, addressing a critical gap in many LCA studies of emerging 
electrochemical technologies [22,23]. The results provide a quantitative identification of 
environmental hotspots, confirming that electricity consumption is the dominant contributor (70–
90%) to global warming potential, consistent with previous studies while offering a more integrated 
system perspective [2,10,18]. 

Overall, this study advances the current state of knowledge by providing a comparative, 
transparent, and uncertainty-informed assessment framework for CO2 electroreduction systems, 
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offering actionable insights into the role of membrane selection and low-carbon electricity integration 
in achieving sustainable fuel production pathways. 

4. Discussion 

4.1. Influence of Electricity Source on Environmental Performance 

The results clearly demonstrate that the electricity source is the dominant factor governing the 
environmental performance of CO2 electroreduction to ethanol. Across all scenarios, electricity-
related processes account for approximately 70–90% of total GWP100 impacts, confirming that the 
overall life-cycle profile is primarily driven by energy supply rather than material inputs [2–4]. 

Wind-based electricity provides the best environmental performance, with GWP values of 
approximately 0.32 kg CO2-eq/kg ethanol for AEM systems and 0.44 kg CO2-eq/kg ethanol for BPM 
systems, highlighting the potential of renewable-powered CO2 electroreduction pathways [1,4,5]. In 
contrast, grid-based BPM systems exhibit the highest impacts, reaching approximately 4.7 kg CO2-
eq/kg ethanol, due to the combined effect of higher electricity demand and the carbon intensity of 
fossil-based electricity generation [2,3]. 

Photovoltaic scenarios show intermediate performance, with impacts largely influenced by the 
embodied emissions associated with photovoltaic panel production, rather than operational 
emissions. This observation is consistent with previous life cycle assessment studies of renewable 
electricity systems, which emphasize the importance of considering full life cycle impacts rather than 
only operational emissions [4–6]. 

Compared with conventional bioethanol production, which typically results in greenhouse gas 
emissions in the range of approximately 1.5–3.0 kg CO2-eq per kg ethanol, depending on feedstock 
and process conditions, the renewable-powered CO2 electroreduction pathways evaluated in this 
study—particularly wind-based scenarios—demonstrate the potential for significant emission 
reductions [3,4]. However, when electricity is supplied from carbon-intensive grids, the 
environmental benefits are reduced or even negated, emphasizing the critical role of low-carbon 
electricity integration. 

The novelty of this study lies in its systematic and harmonized cradle-to-gate comparison of 
AEM and BPM electrolyzer systems across multiple electricity scenarios, combined with detailed 
contribution analysis and uncertainty assessment. This integrated approach enables a clearer 
understanding of the combined effects of membrane technology, electricity source, and process 
configuration on environmental performance, addressing a gap identified in previous studies [4,6–
8]. 

4.2. Comparison of AEM and BPM Systems 

A consistent trend across all scenarios is that AEM systems outperform BPM systems in terms 
of environmental performance. This difference is primarily driven by the lower electricity demand 
of AEM systems (approximately 22.9 kWh/kg ethanol) compared to BPM systems (approximately 
27.5 kWh/kg ethanol), which directly reduces life cycle impacts given the dominant role of electricity 
consumption [2,3,7]. 

The higher energy requirement of BPM systems is associated with additional voltage losses and 
membrane-related inefficiencies, which increase overall cell potential and energy demand. These 
factors translate directly into higher environmental impacts, as electricity consumption is the primary 
contributor to GWP100 in electrochemical CO2 conversion systems [2,7,8]. 

While BPM systems offer advantages in terms of product selectivity, pH control, and 
operational flexibility, these benefits currently come at the cost of increased environmental burdens 
under existing technological conditions. Similar trade-offs between efficiency and selectivity have 
been reported in previous studies comparing membrane configurations for CO2 electrolysis [7,8]. 

Therefore, improving the energy efficiency of BPM systems—through advancements in 
catalyst design, membrane materials, and system optimization—represents a key area for future 
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research. Enhancing performance while reducing energy demand is essential to make BPM-based 
systems competitive from both environmental and techno-economic perspectives [2,3]. 

4.3. Role of Heat and Auxiliary Inputs 

In addition to electricity, heat supply for downstream separation processes represents the 
second-largest contributor to environmental impacts, accounting for approximately 5–20% of total 
GWP100. The use of natural gas-based heat (approximately 19.378 MJ per kg ethanol) introduces 
additional fossil-based emissions, particularly in scenarios where electricity-related emissions are 
reduced through the use of low-carbon energy sources. Similar contributions of thermal energy 
demand have been reported in process-based LCA studies of electrochemical systems and fuel 
production pathways [3,4]. 

Other inputs, including CO2 capture, water consumption, electrolyte make-up (e.g., potassium 
carbonate and monoethanolamine), and infrastructure materials, contribute only marginally to 
overall impacts, typically below 5%. This finding is consistent with previous studies, which show 
that material and auxiliary inputs have limited influence compared to energy-related flows in 
electrochemical CO2 conversion systems [4–6]. Consequently, the environmental profile of the system 
is overwhelmingly dominated by energy inputs rather than material consumption. 

The oxygen co-product generated during electrochemical conversion provides a small 
environmental credit, slightly reducing total emissions. This credit arises from the substitution of 
conventionally produced oxygen and is commonly accounted for using system expansion 
approaches in life cycle assessment [4,6]. These results highlight the importance of appropriately 
modeling co-products and system boundaries to ensure accurate environmental impact assessment. 

4.4. Implications for Sustainable Fuel Production 

The findings of this study have important implications for the development of sustainable fuel 
production pathways. The results demonstrate that CO2 electroreduction to ethanol can achieve 
substantial reductions in greenhouse gas emissions, particularly when coupled with low-carbon 
electricity sources, reinforcing conclusions from previous studies on renewable-powered 
electrosynthesis systems [1–3]. 

These findings suggest that the deployment of CO2 electroreduction technologies should be 
closely integrated with renewable energy systems, such as wind or hydropower, in order to maximize 
environmental benefits. In contrast, in regions with carbon-intensive electricity grids, the 
environmental performance of these systems may be significantly compromised, potentially 
exceeding emissions associated with conventional ethanol production pathways [3,4]. This highlights 
the critical dependency of electrochemical CO2 conversion systems on the carbon intensity of the 
energy supply [2,3]. 

Furthermore, the strong influence of electricity consumption underscores the need for continued 
technological advancements in electrolyzer performance. Key areas for improvement include: 

• Reducing cell voltage, thereby lowering overall energy demand and improving system 
efficiency [2,7] 

• Enhancing catalyst performance, to increase selectivity and reduce energy losses during CO2 
reduction reactions [1,7] 

• Improving system integration, including optimization of reactor design and coupling with 
renewable energy systems, to achieve higher overall process efficiency [3,8] 

• Advancements in these areas are essential to ensure that CO2 electroreduction technologies can 
become both environmentally and economically viable for large-scale deployment. 

4.5. Uncertainty and Robustness of Results 

The Monte Carlo analysis confirms the robustness of the results, with minimal overlap between 
best-performing (wind-based) and worst-performing (grid-based) scenarios. Wind-based systems 
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exhibit narrow probability distributions, indicating stable and reliable environmental performance. 
This behavior is consistent with previous studies showing reduced variability in life cycle impacts 
when low-carbon electricity sources are used [1,4,5]. 

In contrast, grid-based scenarios show wider distributions, reflecting higher variability in 
electricity-related emissions due to fluctuations in the carbon intensity of fossil-based energy systems. 
Such variability is well documented in uncertainty analyses of electricity-dependent processes in life 
cycle assessment [2,3,6]. 

Despite this variability, the ranking of scenarios remains consistent, with renewable electricity 
systems outperforming fossil-based systems across all cases. This indicates that the comparative 
conclusions of the study are insensitive to uncertainty in input parameters, reinforcing the reliability 
of the results. Similar findings have been reported in previous LCA studies of emerging 
electrochemical technologies, where electricity supply remains the dominant determinant of 
environmental performance even under uncertainty [2,3,6]. 

These results increase confidence in the conclusions of this study and demonstrate that the 
dominant role of electricity source is robust and not significantly affected by uncertainty, further 
supporting the importance of low-carbon energy integration in CO2 electroreduction systems. 

4.6. Limitations of the Study 

Despite the comprehensive modeling approach, several limitations should be acknowledged. 
The analysis is based on early-stage technological assumptions and proxy datasets, particularly for 
electrochemical components and infrastructure materials. Such simplifications are common in life 
cycle assessment of emerging technologies, where detailed industrial-scale data are not yet available 
[4,6]. Additionally, the CO2 capture process is modeled in a simplified manner, and potential 
variations in capture efficiency, energy demand, and process integration are not fully explored, which 
may influence overall environmental performance [3,4]. 

The use of liquid oxygen as a proxy dataset for the gaseous oxygen co-product may introduce 
minor deviations in environmental credit calculations. While this approach is consistent with 
common LCA practices when specific datasets are unavailable, it may slightly overestimate or 
underestimate the associated environmental benefits [4,6]. 

Furthermore, the study focuses exclusively on environmental impacts and does not consider 
techno-economic feasibility, which is a critical factor for the large-scale deployment of CO2 
electroreduction technologies. Previous studies have highlighted the importance of integrating 
techno-economic analysis (TEA) with LCA to assess both environmental and economic viability of 
emerging systems [2,3]. 

Future work should therefore incorporate detailed process simulations, techno-economic 
analysis (TEA), and dynamic system modeling to provide a more comprehensive and realistic 
assessment of CO2 electroreduction technologies. Such integrated approaches are essential to support 
the transition from laboratory-scale concepts to industrial implementation [2,3,6]. 
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