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Abstract

As the urgency of reducing greenhouse gas emissions increases, the chemical industry is moving towards more sustainable applications, such as substituting fossil feedstock with renewable ones. The development and implementation of novel technologies will entail momentous, system-wide changes to allow for the production of chemicals and fuels. This work aims at providing an overview of the energy requirements for the production of several chemicals by means of electrochemical reduction of CO2 (ECO2R), in order to aid the decision-making process to select the products on which further research and development efforts should focus.
The results demonstrate that the production of C1 oxygenated molecules, such as carbon monoxide and methanol, via ECO2R would have significantly lower requirements in terms of renewable energy generation when compared to fully reduced hydrocarbons (methane, ethylene) and ethanol. This would lead to a less demanding implementation of electrochemical CO2 utilisation technologies, allowing for a more streamlined deployment of ECO2R within existing supply chains.
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1. Introduction
The electrochemical reduction of CO2 (ECO2R) has emerged in recent years as an interesting path for the production of sustainable chemicals and fuels within the wider scope of de-fossilisation of the chemical industry (i.e. substitution of fossil resources with renewable ones). It also holds the promise of valorising CO2, thus incentivising its capture, and potentially helping in mitigating greenhouse gas emissions.
Many factors will play a role in determining the development of ECO2R as part of the chemical industry of the future, alongside biomass-based productions, green hydrogen and overall electrification. Parallel to the experimental efforts dedicated to improving the performance of the electrochemical conversion step, high-level (Verma et al. 2016) and detailed techno-economic assessments (Somoza-Tornos et al. 2021) have studied the economic viability of the production of several chemicals through ECO2R. However, the scale of renewable electricity generation required by these processes, once deployed at the industrial level, appears to be a factor often overlooked.
The many products which synthesis has been demonstrated via low temperature electrolysis of CO2 (in scope for this work, while the high temperature process is not as it only allows for the production of carbon monoxide) will place different requirements in terms of electricity generation. The integration of chemical and electricity productions will have effects on the economics and environmental performance of the processes, assessed at a high level studying two different scenarios based on carbon intensity of the grid electricity and electricity price. Emphasis is placed on comparing the scale of the renewable power plants that would fulfil the demand for the production of selected chemicals and fuels, comparing the currently demonstrated performance with the forecasted one, before assessing the primary energy input required for the production of the latter and comparing it to their specific energy.
2. Problem statement
In the perspective of a future process industry, in which a number of possible sustainable routes will be available and will go alongside one another, decisions will be made on what the best technologies to substitute current supply chains are, taking into account the scale at which these currently operate. The production of the chemicals and fuels will place requirements of different magnitude on the overall production system, once scaled up to industrial level.
To aid these decisions, a fundamental analysis of the different products has been carried out, evaluating the energy requirement for their production via ECO2R and checking how much CO2 can be converted and considering the different scales at which each product is typically manufactured.
3. Methodology
The analyses have been based on fundamental calculations for each product, assumed to be manufactured in a plant of 100 kt/y capacity. The stoichiometry of the cathodic semi-reaction (Zhang et al. 2018) is used to calculate the electric current i. For the example of methanol, assuming alkaline environment, the reaction can be written as:
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and based on the desired production rate of methanol the current is calculated as:
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where 
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 is the rate at which electrons are transferred and 
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 is Faraday constant. 
Combining this with the voltage 
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applied to the electrochemical cell, the total power requirement 
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 has been calculated as:
	

[image: image7.wmf]PiV

=×


	(3)


The products analysed, with their respective market price, are carbon monoxide (600 $/t), formic acid (740 $/t), methanol (600 $/t), methane (180 $/t), ethanol (1000 $/t) and ethylene (1300 $/t). These products are the ones to which the greatest attention has been dedicated in the ECO2R literature. The electrolytic cell performance data can be found in Huang et al. 2021, while the carbon footprint of electricity data are obtained from Gabrielli et al. 2023. As the goal of the analysis is the comparison of products and the evaluation of the energy requirements for the electrolysis process, Faradaic efficiencies have been considered 100% for each product and separation processes have not been included in the scope.
The energy consumption of separation processes derives from literature (Strojny et al. 2023 for CO2 capture; Muñoz et al. 2015 for methane/CO2; Shahandeh et al. 2015 for methanol/water; Kunnakorn et al. 2013 for ethanol/water).
4. Results and discussion
Figure 1 and Figure 2 display the effect of carbon emissions intensity and electricity price on a gross margin model for different products and on a gross CO2 emissions mitigation through ECO2R potential. It appears clearly that the current conditions (carbon footprint of the grid of 0.45 kg CO2/kWh and electricity price of 0.18 $/kWh) and cell performance would not allow for a profitable nor environmentally friendly production of any chemical by means of these technologies, while for the conditions considered in the 2050 scenario (0.01 kg CO2/kWh, 0.03 $/kWh) all products would allow for CO2 emissions mitigation, albeit at different gross margin levels. Methanol, ethanol and methane do not appear to be profitable even taking into account future, forecasted cell performance and low electricity price. On one hand, this analysis demonstrates the importance of a low-carbon energy system to power ECO2R, as the CO2 emissions from the electricity generation alone would vastly offset the carbon fixed in the products. On the other hand, it is evident that the profitability at industrial scale could only be achieved under very favourable conditions and not for all the chemicals and fuels considered.
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Figure 1: Gross margin and gross CO2 emissions reduction for different products in the current scenario (0.45 kg CO2/kWh, 0.18 $/kWh).
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Figure 2: Gross margin and gross CO2 emissions reduction for different products in the 2050 scenario (0.01 kg CO2/kWh, 0.03 $/kWh). 
Figure 3 shows the overview of the requirements in terms of number of electrolysers and renewable power generation installation (either offshore wind turbines, assuming a capacity factor of 50%, or PV farm area) for the production of different chemicals, evaluated on the same production basis of 100 kt/y. As these products have different market sizes and supply chains, the additional context of the conventional plant capacity is added, together with an indication of how much CO2 is converted to each product. 
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Figure 3: Overview for different products of ECO2R of: electrolysers; renewable power generation given by either number of offshore wind turbines or area of PV panels in the Netherlands; comparison of plant capacity with representative conventional plant size; CO2 converted. The common production basis for each product is 100 kt/y. Biomethane and bioethanol plants are used for the plant capacity comparison for methane and ethanol, respectively.

Table 1: Summary of results for most relevant products of ECO2R for different scenarios (C: current performance; F: future performance). Electrolyser size: 20 MW; Wind turbine size 20 MW (currently at the prototype level for offshore installations), 50% capacity factor; PV performance in the Netherlands; conventional plants for methane and ethanol are taken for biomethane and bioethanol productions, respectively.

	Product
	Electrolysers
	Renewable power generation
	Capacity
	CO2 converted [kt/y]

	
	
	Wind turbines
	Area of PV [km2]
	
	

	
	C
	F
	C
	F
	C
	F
	
	

	CO
	7.4
	4.6
	15
	9
	6.3
	3.9
	14%
	157.1

	HCOOH
	8.4
	6.0
	17
	12
	7.1
	5.1
	287%
	95.7

	CH3OH
	19.2
	12.9
	38
	26
	16.3
	11.0
	12%
	137.5

	CH4
	28.1
	15.9
	56
	32
	23.9
	13.5
	3%
	275.0

	CH3CH2OH
	31.7
	25.0
	63
	50
	27.0
	21.2
	37%
	191.3

	C2H4
	46.4
	26.1
	93
	52
	39.4
	22.2
	10%
	314.3


A distinction can be draw between the first three products (carbon monoxide, formic acid and methanol) and the last three, as a product such as ethylene requires extremely large amounts of energy even for small capacity as compared to classic steam crackers, whereas formic acid can be produced at scale with relatively contained installations.
These results are further corroborated by the data in Table 1, which includes a comparison of the current (C) and future (F) performance. The forecast improvement in the performance is likely to be significant for some products, such as methane and ethylene, while for ethanol the development is going to be lower. In all cases, the energy usages are very significant, as can be seen by the tens of wind turbines necessary for the production of ethylene, even at relatively small scale. C1 oxygenated molecules, on the other hand, appear to be more scalable, even though when extrapolating at the actual industrial scale the energy demand is still extremely high (a methanol plant of 2500 t/d would require ~220 wind turbines of 20 MW with 50% capacity factor).

Special attention can be given to ECO2R fuels, which might play a role in the de-fossilisation of hard to abate sectors such as aviation and transportation. Figure 4 shows how the energy input to produce fuels – considering the capture of CO2, the electrolysis (current performance) and the separation – is about 3-7 times higher than the specific energy content of the fuel itself. 
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Figure 4: Comparison of energy input for the production of e-fuels via ECO2R and specific energy of the fuel (higher heating value).
Such a holistic view taking into account primary energy consumption is believed to be an important factor in the decision-making process for the selection of the technologies for the production of the fuels of the future.
5. Conclusions
The green electricity demand for the products of low temperature electrolysis has been successfully analysed, highlighting the importance of widely available and cheap renewable power to ensure not only the basic economic viability of the products, but also the possibility of mitigating CO2 emissions.
Relevant ECO2R products have been compared on a common production basis to demonstrate the vast demand for renewable energy to allow for industrial deployment of these technologies: based on this, it can be concluded that C1 oxygenated products, namely CO, HCOOH and CH3OH would offer a better potential for implementation, compared to C2, such as ethanol and ethylene.
Moreover, e-fuels produced by means of ECO2R, have a specific energy content which is only a fraction of the actual energy required for their production and appear not to be profitable, even when the costs of separation is neglected.
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