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SUMMARY

Recycling of waste CO2 to bulk chemicals has a tremendous potential for the de-
carbonization of the chemical industry. Quantitative analysis of the prospects of
this technology is hindered by the lack of flexible techno-economic assessment
(TEA) models that enable evaluation of the processing costs under different
deployment scenarios. In this protocol, we explain how to convert literature
data into metrics useful for evaluation of the emerging electrolysis technologies,
derive TEA models, and illustrate their use with a CO2-to-ethylene example.
For complete details on the use and execution of this protocol, please refer to
Barecka et al. (2021a).

BEFORE YOU BEGIN

Scope of the model

This protocol is a method for systematic techno-economic evaluation of CO2 electrolysis (CO2R)

operating at scales meaningful for the decarbonization of the chemical industry (defined also by

some researchers as ‘‘defossilization’’ [Schneider 2021]). The model is applicable to CO2R incorpo-

rating gas-diffusion electrodes (GDE) or solid-oxide electrolyzers, both of which allow for achieve-

ment of current densities sufficiently high to yield an industrially viable electrolysis processes (Bur-

dyny and Smith 2019). The main focus of this protocol is providing a tool for the assessment of

the deployment of the CO2 electrolysis as an add-on to the existing chemical production processes

(defined recently as Carbon Capture On-Site Recycling [Barecka et al., 2021a]). Running CO2 elec-

trolysis as an on-site recycling within the operational plants was discussed as economically feasible in

the current market and capable of supporting large scale CO2R deployment by giving an economic

incentive to run electrolysis on significant scales (Barecka et al., 2021a). Nevertheless, the modeling

method presented here is applicable to all CO2 electrolysis systems, both integrated in chemical

plants and stand-alone, and we strongly encourage the reader to use this model to evaluate

CO2R performance for different applications. Use of the protocol is illustrated by a CO2-to-ethylene

(C2H4) electrolyzer example, noting that reduction of CO2 to products containing two or more atoms

of carbon (C2+) is the most complex example among different electrolysis systems discussed in the

paper deploying this method. Excel tool related to this paper and available at https://doi.org/10.

17632/2jpy5233nb.1 contains also an example of calculations for CO2-to-syngas high-temperature

electrolysis system.

STAR Protocols 2, 100889, December 17, 2021 ª 2021 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Structure of the model

Detailed modeling of any CO2R system is challenging due to the low maturity of CO2 electrolysis

and the current lack of large-scale application examples. Therefore, to derive metrics meaningful

for TEA of emerging technologies, we instead define a system-level model, representing a CO2R

reactor with all related equipment, and identify the key inputs and outputs of the system based

on the analysis of experimental data, engineering approximations and basic chemical process

design rules. Figure 1 provides an overview of the proposed methodology.

Comparison to the existing TEA models for CO2R

Techno-economic models (TEA) for CO2 electrolysis, both already published and the one proposed

here, are derived from classical approaches used in chemical engineering based on the estimation of

the difference between the cost of manufacturing and projected revenue (Seider et al., 2017; Farris

2010). Complex TEA approaches for carbon capture and utilization have been discussed thoroughly

in conceptual terms (Zimmermann et al., 2020). Looking specifically at CO2 electrolysis field, previ-

ous contributions on TEA for CO2R were mostly focused on determining the range of operational

parameters under which the CO2R technology can begin to be considered as economically attrac-

tive, or investigating which of the potential electrolysis products can be most interesting for CO2R

based stand-alone plants (Verma et al., 2016; Spurgeon and Kumar 2018; Bushuyev et al., 2018;

Luna et al., 2019; Jouny et al., 2018). Several benchmarks identified in previously published TEA,

such as e.g., current density and overpotential, are being now achieved in the laboratory

demonstrations.

Hence, we find it insightful to look into TEA again, reformulate the models with more detailed pro-

cess data available and democratize their use through a Protocol contribution that has not been pro-

posed before in this area. In contrast to the state-of-the-art approaches, we do not build-up the

Figure 1. Overview of the techno-economic assessment methodology proposed in this protocol, blue boxes depict subsequent calculation steps,

whereas gray dotted-line boxes define necessary data inputs

For discussion of the best practices of results reporting, we recommend guidelines published by Zimmermann et al. (2020).
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analysis on the assumption of best case scenarios for the Faradaic efficiency or selective production

of one product only (Jouny et al., 2018). Instead, we report here guidance on how to extract the

experimental data and consider the process complexity as accurately as possible. We aim at sup-

porting the researchers in understanding the prospects of CO2 electrolysis for e.g., specific catalyst

or application. The Protocol can be also used to generate data for assessments of CO2 electrolysis

technology performance (stream compositions, energy requirements etc.) that can be used as an

input to other TEA methods.

Furthermore, provided protocol is currently the only tool applicable for the evaluation of CO2 elec-

trolysis used for both purposes of retrofitting an existing chemical plant or stand-alone CO2-based

manufacturing. We anticipate that upon progress in the field, this tool will be applicable for the eval-

uation of the further process improvements and support large-scale adoption of CO2 electrolysis.

Proposed timing

The actual time necessary to realize each calculation step will depend strongly on the prior knowl-

edge of the user regarding e.g., price indicators for renewable electricity, chemicals and CO2 taxes.

We therefore provide timing interval of each step, where its lower bound corresponds to the sce-

nario where the user already has all economic data and only needs to feed this data to the model.

The upper bound of the timing interval includes an approximate time necessary to research the mar-

ket prices and determine the input data.

KEY RESOURCES TABLE

STEP-BY-STEP METHOD DETAILS

Download the TEA tool

Timing: �5 min

The techno-economic model discussed in this paper is deposited on Mendeley Data server https://

doi.org/10.17632/2jpy5233nb.1. To facilitate the use of the tool outside of the research community

and make the economic assessment transparent to stakeholders across different fields, we

embedded the calculations into an Excel file (version used: Microsoft� Excel� 2016 MSO

16.0.4266.1001 32-bit).

Define requirements toward CO2R system

Timing: 5 min–4 h

This example focuses on the use of CO2R as a retrofit of the existing chemical plants, which emit

waste CO2 streams that can be converted back to raw materials by means of electrolysis (general

concept is depicted in Figure 2). Therefore, in the first place the requirements for CO2 recycling in-

puts/outputs are defined in the context processes where CO2R is envisioned to be embedded.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Dataset on CO2 emissions market Barecka et al., (2021a) https://doi.org/10.1016/j.isci.2021.102514

Software and algorithms

Techno-economic model for evaluation of CO2 electrolysis This paper This paper

Excel file containing techno-economic model, version used
Microsoft� Excel� 2016 MSO 16.0.4266.1001 32-bit

Barecka et al., (2021c) https://doi.org/10.17632/2jpy5233nb.1
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Note: In the case of use of the protocol for stand-alone plants, please see ‘‘Troubleshooting:

How to use the protocol for stand-alone plants?’’; if the user is seeking to compare CO2 utili-

zation alternatives, check section ‘‘Troubleshooting: How to use the protocol to compare car-

bon utilization techniques?’’.

1. Define the chemical plant where CO2R is to be integrated:

a. In the exemplary deployment of the protocol, we focus on deployment of a CO2 electrolyzer as

a part of an ethylene oxide (EO) production plant (for more details of the concept see the pa-

per deploying this protocol (Barecka et al., 2021a) or another report on technical details of

CO2 electrolysis integration into ethylene oxide plants (Barecka et al., 2021b).

2. Define requirements for the input stream:

a. The availability of waste CO2 stream for recycling (CO2 flowrate to be converted by the de-

signed system) at a given chemical plant.

i. In this example, we set it to 103 mol/s of high-purity CO2 stream (as a typical waste stream of

CO2 available at middle-size ethylene oxide plants). Based on reports on industrial CO2

emissions (Bains et al., 2017), this stream typically contains 98–100% CO2 and is free of

typical impurities to CO2 electroreduction (See Limitations section for further details).

3. Define the requirements behind the output streams:

a. Intended use of CO2R products.

i. In EO plants: recycling CO2R products stream to the main reactor producing EO.

b. Targeted products.

i. Ethylene (starting material for EO production).

c. Potential of other CO2R products for recycling.

i. CO2R systems reported so far do not demonstrate 100% selectivity towards the desired

product, so it is necessary to consider whether other minor products of electrolysis can

be used at the target application process. Based on EO production requirements, recycled

Figure 2. Conceptual depiction of Carbon Capture On-Site Recycling (CCSR): CO2 emissions from a chemical plant,

usually vented to the atmosphere, are instead sent to a CO2R reactor and converted to products reverted to the

main production process, all in the same chemical plant
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CO2R products stream can flexibly include some unreacted CO2, CO and H2 (see (Barecka

et al., 2021b) for details).

d. Potential for use of CO2R by-product (oxygen).

i. Oxygen can be recycled back to EO reactor as it is typically used for ethylene oxidation

to EO.

e. Potential limitations in CO2R products use.

i. In a hypothetical case, converting a large CO2 stream available at a given site could yield a

stream of CO2R products could be larger than the demand for these products. In case of

recycling of CO2 within the chemical plants, this scenario is not foreseen as CO2 streams

available for conversion are far lower than plant capacities and the demand for feedstocks

(see (Barecka et al., 2021a)). However, if a chemical process could valorize only a limited

stream of CO2R products, then this must be considered as a constraint and a system con-

verting only a part of CO2 emissions should be designed in such case.

Optional: Define available waste heat streams. In case if such streams are available at the

chemical plant, they can be used as an input to high-temperature electrolysis unit. However,

high-temperature (�800�C) electrocatalysts are reported to yield efficiently products contain-

ing only one atom of carbon, so is not applicable for ethylene production and hence not

considered in this example.

Extract experimental data

Timing: �2–20 h

After formulating the requirements towards CO2R system, applicable electrocatalysts need to be

identified and experimental data extracted for further modeling. These steps describe how to select

experimental data for representative modeling of the CO2 electrolysis technology:

Reactions observed on the cathode and anode side.

Faradaic efficiency (FE; selectivity of the system to deliver the product of interest).

Current density (size of the electrolyzer required for conversion of certain flowrate of CO2).

Full cell voltage (energy requirement for CO2 electrolysis).

Catalyst stability (demonstrates if the catalyst is promising for industrial applications).

CO2 conversion (influences the overall efficiency of the system).

CRITICAL: It is not always possible to accurately extract all parameters mentioned above

from a single report. Literature offers a wide variety of reports on electrocatalysts, typi-

cally focusing on laboratory-scale experiments targeting better understanding of the ma-

terial properties. While these studies provide crucial insights into the basic science behind

the electrolysis and solid data on FE or achievable current densities, they frequently do not

optimize full cell voltage, CO2 conversion, or the long-term stability. Thus, it is crucial to

critically compare several reports to derive metrics that will be representable for large-

scale optimized CO2 electrolysis systems. Building TEA models based on, e.g., non-opti-

mized full cell voltages observed in the laboratory test, may lead to the misleading conclu-

sion that the technology is not of commercial interest.

4. Determine experimental data for the input of the process model:

a. Choose the catalyst of interest.
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i. We focused on optimizing ethylene production, thus we revised ethylene-selective Cu-

based GDE catalysts.

b. Reactions observed on the cathode and anode side.

c. Faradaic efficiency towards all products delivered by CO2R unit.

i. Here, we extracted the data on catalyst selectivity (FE) and current density from the report of

Vennekoetter et al., 2019. Data in similar ranges was demonstrated in several publications

(Garcı́a de Arquer et al., 2020; Ma et al., 2020b; Dinh et al., 2018).

Note: We recommend to review if FE reported for all products are equal to 100%. In case of

total FE slightly exceeding 100%, e.g., 102%, the numbers should be normalized to 100% to

account for the potential experimental error and avoid overestimation of the product flow. If

the total FE is lower than 100%, some of CO2 electrolysis products might not be reported;

identification of these products is crucial for the design of the overall CO2R system.

d. Full cell-voltage.

i. Value of 2.4 V has been already demonstrated by Dinh et al. (2018), though based on the

developments in the fuel design field, further optimization of this value is projected to be

possible (Sazali et al., 2020) and we selected 2 V for further modeling.

e. Long-term stability.

i. Long-term stability test confirms feasibility of 150 h of interrupted CO2 -to-ethylene elec-

trolysis (Dinh et al., 2018). While industrial applications require scaling this value up by

ca. 30 times (to several months), reported stability is promising enough to envision large-

scale applications (see Limitations section).

f. CO2 conversion.

i. CO2 conversion is infrequently reported in research papers; similarly, as for the full cell

voltage we assumed that a value coming from single report focusing on one-pass efficiency

of CO2 conversion (22.5%) has a potential to be optimized to 50%, assumed in this model.

Summary of the data selected here for modeling of CO2-to-ethylene electrolyzer is given in Table 1

and included in the model (see cells B11-B25; C23-25; D23-25 in the Excel spreadsheet), another

Excel tab includes the example of CO2-to-syngas. Presented data search approach could be used

to any potential product of CO2 electrolysis, see ‘‘Troubleshooting: How to use the protocol for

recently discovered products of CO2R?’’ for further explanations on how to adjust the calculations

for other molecules.

CRITICAL: Verify at this step if any compounds were identified to have a poisoning effect

on the electrocatalysts considered and if these compounds can be potentially present,

even in minor quantities, in the CO2 stream available for conversion. Presence of such

Table 1. Summary of the data selected here for modeling of CO2-to-ethylene electrolyzer in the provided example

Reactions on the cathode side CO2 +H2O + 2e�4CO + 2OH�

2CO2 + 8H2O + 12e�4C2H4 + 12OH�

2H2O + 2e�4H2 + 2OH�

Reactions on the anode side 4OH�4O2 + 2H2O +2e�

Reactions overall (simplified) CO24CO + 0:5 O2

2CO2 + 2H2O4C2H4 + 3 O2

H2O4H2 + 0:5 O2

Faradaic efficiency to C2H4 (normalized) 88.7%

Faradaic efficiency to CO (normalized) 3.8%

Faradaic efficiency to H2 (normalized) 7.5%

Total current density 0.3 A/cm2

Full cell voltage 2 V

Stability 150 h.

CO2 conversion 50%
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molecules might preclude the direct use of CO2 recycling without impurities removal. In

the case of CO2R integration within EO process, we did not identify such compounds.

Report by Barecka et al. (2021a) lists several other large-scale processes where poisoning

compounds were not identified within emitted CO2 streams.

Define CO2R system inputs and outputs

Timing: 1–4 h

This step describes how to define the boundaries of the CO2R system. Figure 3 provides a general

overview of CO2R reactor with related unit operations and provides an identification of the inputs

and outputs on a system level. Based on identified main process requirements (refer to ‘‘Define

the requirements towards CO2R system’’) and the electrochemical system selected (refer to ‘‘Extract

experimental data’’), the general CO2R scheme is reviewed in this step to define which streams are

relevant for the studied case.

5. Define inlet streams relevant for the considered system:

a. Feed for CO2R reaction.

i. In the provided example, inputs to the system are: CO2 and water.

b. Energy supply to CO2R reactor.

i. Low-temperature (�20�C–50�C) electrolysis requires only electric energy input.

Figure 3. Overview of the CO2R reactor with possible related unit operations

Continuous lines depict mass streams being inputs (blue) and outputs (green) of the system, dotted lines depict energy stream (yellow- electric energy,

red- thermal energy for heating, gray-thermal energy for cooling).
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c. Cooling duties.

i. For low-temperature electrolysis, we assume that the electric energy supplied to the system

and not consumed during the reaction will be dissipated as heat and needs to be removed.

d. Need for catholyte/anolyte make-up.

i. Due to the lack of data on the need for catholyte or anolyte refreshment, we assume that

both catholyte and anolyte streams can be recycled continuously, only upon addition of

the water consumed by CO2 electroreduction reaction (quantified as water input).

CRITICAL: Prospects for recycling of catholyte and anolyte on a large-scale are not yet

fully understood. If basic electrolytes are deployed, such as potassium or sodium hydrox-

ide solutions, capture of CO2 into carbonate/bicarbonate salts is inevitable and the elec-

trolyte would potentially need to be refreshed; however, there no insights into how often

that should happen. There are studies demonstrating that captured CO2 could also degas

into CO2 at the anode side (Ma et al., 2020a), resulting in CO2 material losses and need for

separation step of CO2 from the oxygen stream produced at the anode. However, most

recent contributions in CO2R field consider reactor design with no liquid catholyte at all

(‘‘zero-gap assembly’’ [Vennekoetter et al., 2019]), cascade reactors (Ozden et al., 2021)

or deploy acidic catholyte (Huang et al., 2021). These strategies solve the problem of

CO2 capture and degassing at the anode and yield a system with no/ fully recyclable elec-

trolytes. Hence, we anticipate that in large scale deployment of CO2R there will be no sig-

nificant cost behind electrolyte recycling and no need to separate CO2 and oxygen at the

anode side.

e. Energy for media pumping.

i. Energy requirement for pumping of the catholyte and anolyte stream is not considered, as

based on detailed analysis for large-scale hydrogen electrolysis, this input is minor (Mayyas

et al., 2019).

6. Define outlet streams relevant for the considered system:

a. Gaseous streams on cathode side.

i. Ethylene and other CO2R by-products

b. Liquid streams on cathode side.

i. There were no liquid products reported for the catalytic system considered in this paper.

Note: In case of liquid products being considered, we recommend to carefully review the

selected reactor arrangement. In case of systems deploying solid instead of liquid electro-

lytes, a concentrated stream of liquid product can be obtained with no need for further sep-

arations (Xia et al., 2019) and these systems are the most promising for large-scale application

of CO2R to liquid products. On the contrary, recovery of liquid products from strongly basic or

acidic catholyte would require additional experimental insights, as so far no energy efficient

techniques were proposed for this separation problem.

c. Output stream on anode side.

i. Oxygen, pure (assumed no need for nitrogen sweep to remove oxygen produced at the

anode).

Calculate mass and energy streams

Timing: 5 min–2 h

This step describes how to quantify mass and energy process streams defined in the previous step.

Where necessary, we use several engineering approximations necessary to obtain a system-level

overview of the technology performance.

ll
OPEN ACCESS

8 STAR Protocols 2, 100889, December 17, 2021

Protocol



7. Input stoichiometric coefficients for production of oxygen, consumption of CO2 and net con-

sumption of water (based on the overall reactions defined in ‘‘Extract experimental data’’; Excel

cells E23-G25).

8. Input enthalpies of formation (necessary for calculation of energy balance) and molar masses

required for unit conversion (cells H23-I29).

9. Optional: Calculate the energy requirement for heating up of the CO2 electrolysis feed stream.

This is necessary only for high-temperature (�800�C) electrolysis in solid-oxide cells (e.g., used

for production of syngas). This step should be skipped for low-temperature (�20�C–50�C)
ethylene production.

a. Input the temperature of CO2 and water available for conversion; temperature of CO2 and

water/steam required for electrolysis and heat capacities of all compounds (cells B35-B43).

b. Define any waste heat streams available at the plant which can be used for feed pre-heating

(cell B44).

c. Estimate the total energy requirement as a product of mass flowrates, heat capacities and dif-

ferences between available CO2/water temperature and required temperature. Subtract the

waste heat available for the pre-heating (cell B45).

10. Estimate the composition of the product stream.

a. Convert FE to mass/molar concentrations.

i. Research papers on electrolysis usually report the selectivity of studied systems based on FE,

which needs first to be converted to molar flow basis (n extracted from Equation 1). At first,

product flowrate n in mol/cm2 s is calculated from FE definition (Equation 1); cells B54-B56.

FE =
z, _n,F

j
(Equation 1)

where FE is Faradaic efficiency, z is the number of electrons transferred (defined within reactions on

the cathode side), n is the flowrate of the product, F is Faraday constant, j the current density.

b. Calculate the flow of CO2 reacted (in mol/cm2 s) to obtain defined products (from stoichio-

metric coefficients defined in step 7; cells C54-C56.

c. Estimate the size of the electrolyzer (Equation 2); cells D54.

electroreduction reactor area
�
cm2

�
=

available CO2

�
mol
s

�
,CO2 conversion

CO2 converted during reaction

�
mol

s,cm2

� (Equation 2)

d. Based on the size of electrolyzer, estimate the flow of products in mol/s (flow in mol/cm2 s is

multiplied by the size of electrolyzer); cells E54-E57.

e. Verify if the composition of the product flow is meeting the requirements defined in step 2. If

not, there might be a need to separately design and model a separation/purification unit for

specific application. In the example presented in this protocol, there is no need for further

separations.

f. Calculate the flow of oxygen produced at the anode based on the main products flowrates

and stoichiometric coefficients of oxygen production; cells G54-G56.

g. Calculate the flow of water consumed by the electrolysis, multiplying main products flow-

rates by stoichiometric coefficients for water consumption production; cell H54-H56.

11. Calculate energy streams:

a. Calculate the amount of energy consumed by the electrolysis as a difference between the

enthalpy of products and the enthalpy of reactants; cells I54-I56.

b. Convert the energy requirement obtained in J/mol to V (Equation 3); cell J54-J56.

EDH0 = DH0ðFEÞ�ðzFÞ (Equation 3)
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where EDH0 is the voltage equivalent of enthalpy,DH0 is the sum of standard enthalpies of reaction for

all electrolysis products.

c. Assess the total current required for the operation (I) based on the main product flowrate (in

mol/s); cell B65.

I =
n,z,F

FE
(Equation 4)

d. Assess the total energy input to the electrolyzer (P) as a product of current and voltage (U);

cell B66.

e. Compute the sum of energy consumed by CO2 electroreduction as a sum of energies esti-

mated in steps 11 a-b (cell B67).

12. Asses the cooling duty:

a. The difference between the energy supplied to the reactor (full cell voltage) and consumed

by the reaction will be dissipated by heat (cell B68). We assume here a worst-case scenario

that this energy must be entirely removed, imposing an additional cost on cooling (to be as-

sessed later in the TEA part); cell B69.

Note: The assumption on the need for removal of heat from the electrolyzer is only valid for

low-temperature systems, such as ethylene production system considered in this example.

Evaluate CO2R operational costs (Opex)

Timing: 1–20 h

This step focuses on translating the system-level process evaluation into TEA metrics describing the

performance of CO2 electrolysis process.

13. Select a range of prices to consider based on the envisioned location of CO2 electrolysis project.

Cost coefficients are necessary for bulk chemicals produced by the system, electrical energy

powering the process and CO2 taxes. In this protocol example, we considered price indicators

listed in table below (Table 2).

Note: Price indicators given below are an example for the current low-cost photovoltaic

energy projects (Bellini 2021), operating on scales sufficient for fulfillment of CO2R energy

Table 2. Summary of price indicators considered in the example of CO2 to ethylene conversion embedded in

ethylene oxide plants

Electricity costs (per kWh) 0.01 $/kWh

Electricity costs (per MJ) 0.003 $/MJ

CO2 (waste CO2 stream already available at a chemical plant) 0 $/kg

C2H4 1.15 $/kg

Oxygen 0.06 $/kg

Water 1.43$10�3 $/kg

Cooling cost 6.25$10�7 $/MJ

CO2 taxes 0 $/kg CO2

For specific deployment at ethylene oxide (EO) plants

Density of CO2 emissions for EO productiona 0.38 kg CO2/kg of EO

Plant capacity kta 330 kta

Plant capacity in kg/s 11.46 kg prod/s

Ethylene oxide price 1.08 $/kg
aamount of CO2 directly emitted per 1 kg of EO produced.
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requirements. The costs of chemicals are averaged frommost recent reports by ICIS (Indepen-

dent Commodity Intelligence Services, 2019). See Supplemental Information attached to the

paper deploying this protocol (Barecka et al., 2021a) for references for prices for other chem-

icals. Price indicators are provided here for illustration purposes and we encourage the reader

to test the protocol with the indicators representative for their economy. A comprehensive

summary of renewable energy prices was published by the International Energy Agency

(2020).

CRITICAL: Cost indicators for electricity prices and CO2 taxes have a critical impact on

the results of TEA; therefore, following points shall be revised: (1) is a low-cost source of

intermittent, surplus renewable energy available to power the process? The article de-

ploying this protocol (Barecka et al., 2021a) discusses how CO2 recycling can make

use of the low-cost intermittent energy and switch on/off upon electricity availability

and what are the technical and economic aspects of integration of intermittent power

sources. It is recommended to explore the opportunities for low-cost electricity. (2)

Several economies deploy the yearly limit on levies-free CO2 emissions; check if the in-

dustry where CO2 recycling is planned to be embedded is indeed above this limit before

assuming a CO2 tax.

14. Calculate the value generated by products of electrolysis, multiplying the mass flows of prod-

ucts (ethylene and oxygen) by cost indicators and assumed utilization of the product; B95.

Note: Given the lack of reports on large-scale deployment of CO2 electroreduction, we

assumed only 50% of utilization of oxygen to account for e.g., potential losses through the

purge system. On the contrary, for the gas product leaving the reactor we assumed 100%

of utilization as the entire stream will be directed to further processing units, without any sep-

aration step that could potentially lead to material losses.

15. Assess the savings through avoidance of CO2 taxes. By using the CO2 stream to feed the

electrolysis unit, a chemical plant integrating CO2R reduces CO2 emissions to the atmo-

sphere and consequently does not pay (or pays less) taxes for CO2 emissions. Assessed

by multiplication of the CO2 feed stream, CO2 conversion rate and CO2 tax cost indicator;

cell B96.

16. Calculate the operational costs of running CO2 electroreduction, which for the system defined in

this example include: cost of the energy input to the reactor, cost of cooling, and cost of water;

cell B97.

Note: There is no cost behind CO2 feed as a concentrated CO2 stream is already available at

EO plants, however the attached calculation tool does allow for assumption of purchase costs

for CO2 (Excel cell B78). For solid oxide electrolysis systems there is no cooling duty to

consider. Instead, required heating, described in step 9, must be added.

17. Asses the net value generated by CO2R by subtracting electrolysis operational costs from the

value of product stream and the savings through avoidance of CO2 taxes; cell B98.

18. Assess the savings in the relationship to the operational costs of the chemical plant where

CO2R will be deployed (here, reduction of the operational costs of EO production will be

considered).

a. Relate the operational costs of CO2R to the flowrate of CO2 recycled (divide the operational

costs by CO2 flowrate available and its and conversion); cell B102.

b. Similarly, relate the value of the CO2R products stream to the flowrate of CO2 recycled; cell

B103.
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c. Assess the potential for the reduction of EO production costs (Equation 6); cell B104.

EO production costs reduction =
�� recycling operational costs + value of the recycling stream

+ CO2taxes ,CO2conversion
�
, CO2emissions density

� � �
EO price

�
(Equation 6)

Evaluate CO2R investment costs (Capex)

Timing: 1–20 h

Given the lack of commercially available large-scale CO2 electrolyzers, we propose to assess the

capital costs based on a detailed analysis of the cost structure for the most similar commercial sys-

tems available: water proton-exchange membrane (PEM) electrolyzers. Following analysis is based

on the most recent report by the National Renewable Energy Laboratory (Mayyas et al., 2019). The

cost model covers all system components related to the catalyst (Platinum and Iridium are consid-

ered for water splitting), electrolyzer stack and balance-of-the plant incorporating all systems neces-

sary to operate an electrochemical reactor such as power supply, liquid and gas circulation systems,

piping, valves and instrumentation, control and safety-related systems.

Further steps will specify how to select the most representative cost indicators and recalculate the costs

from USD/kW to USD/m2 of electrolyzer, being a more useful benchmark of CO2R assessments.

19. Select the targeted scale of electrolyzers production.

a. NREL reports the costs of production of electrolyzer systems based on future demand and

provides the price indicators for production between 10- 50 000 electrolyzers per year (Excel

cells B111-K111).

b. We anticipate that given the wide range of markets attractive for CO2 electrolysis (see Bare-

cka et al., 2021a), global demand for 50 000 electrolyzers per year can reflect the upcoming

market situation. Hence, we selected this scenario in the Excel file (K111).

20. Based on the selected scale of production, cost indicator for the catalyst membrane, other com-

ponents of the stack, and balance of the plant are listed in the subsequent cells.

21. Review the data and correct if there are basis to assume differences as opposed to the NREL

model, e.g., if the catalyst used is significantly more expensive than Platinum and Iridium. In

the example provided in this paper, we consider Cu catalyst and Ni on the anode side, both

of which are of comparable cost with Pt and Ir. Therefore, in this example, we considered that

the overall catalysts costs are similar to PEM electrolysis.

22. Recalculate cost indicator for the reference PEM hydrogen electrolyzer fromUSD/kW to USD/m2

using the formula in Equation 7. For the reference hydrogen electrolyzer, the current density was

0.17 A/cm2 and cell voltage 1.7 V.

CO2 electrolyzer cost = refrerence cost
� $

kW

�
,current density

�
A

cm2

�
,cell voltage ðVÞ (Equation 7)

23. Multiply the reference cost indicator in USD/m2 by total area of the CO2R electrolyzer computed

before in Excel cell D54 and the installation factor of 1.2.

Evaluate technology profitability

Timing: 1–4 h
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There exists a wide variety of metrics used to relate the projected investment costs and the value

generated by the project into one comparative number, such as payback time, return on investment,

net present value and others. Choice of these metrics will depend on the specific deployment of this

protocol. For instance, business negotiations towards technology industrial deployment will require

metrics useful for the commercial partners, whereas the general understanding of CO2R prospects

and guiding the further research uses more intuitive benchmarks. The technology assessment

method presented here allows for extraction of data enabling to calculate any of profitability met-

rics. We illustrate the protocol use with the most widely adopted one: the time required to recover

the investment into the project, defined in economic terms as breakeven time, and colloquially used

as ‘‘return on investment period’’. For calculation of other profitability metrics useful in chemical en-

gineering applications, we refer the reader to literature (Peters et al., 2003).

24. Evaluate the return on investment (ROI) period by dividing the electrolyzer system costs by the

net value generated by CO2R annually (Excel cell B99). In case of negative results, see ‘‘Trouble-

shooting: Can the ROI be negative?’’.

EXPECTED OUTCOMES

Sensitivity analysis

Presented calculation method enables to obtain single values for the most important economic perfor-

mancemetrics such as e.g., net value generated byCO2 electrolysis process or the return on investment.

To understand the market conditions necessary for CO2R deployment, presented TEA should be per-

formed around a wide range of economic parameters. As the electricity prices and CO2 taxes have a

key influence onCO2 electrolysis costs, these parameters should be varied first to observe their influence

on: 1) Return on investment (ROI), which depends strongly on the net value generated by electrolysis; 2)

Potential for the reduction of production costs for the target chemical (in our example-ethylene oxide).

This metric is meaningful for the case of integration of CO2 recycling into an existing chemical plant.

Results for the above mentioned metrics determine whereas the process has a potential for an

economically viable operation in the given region, under the available electricity prices and justifies

further insights into other sources of potential uncertainties. Regardless of the project investments

costs, if the electricity price is very far from the economically viable region, CO2Rwill not beprofitable

in the given economy, as the cost of running CO2R will exceed the value of produced chemicals.

Figure 4 presents the outcomes of an exemplary sensitivity analysis (see Excel cells A124-I148),

computed over a wide range of electricity prices and CO2 taxes for the case of CO2 recycling to

ethylene at ethylene oxide plants. The range of electricity prices (0.01–0.45 USD/kWh) corresponds

to the price with no battery storage in many economies (International Energy Agency 2020), whereas

the range of CO2 taxes covers from zero up to the highest taxes reported (TheWorld Bank 2020). The

results indicate that the recycling process has a potential to be economically viable for electricity pri-

ces between 0.01–0.045 USD/kWh, as the ROI period is in a reasonable range of several years. Elec-

tricity price exceeding 0.045 USD/kWh yields a non-viable process under the assumed price of

ethylene. Furthermore, it is possible to reduce the operational costs at ethylene oxide plants by

means of CO2 recycling if the electricity is available for less than 0.045 USD/kWh (in the worst-

case, absence of CO2 taxes). Max. reduction of the operational costs by CO2R is projected to be

around 12% (in presence of CO2 taxes). For further analysis of CO2 taxes influence, see ‘‘Trouble-

shooting: Why CO2 tax has only a minor influence on TEA?’’.

Uncertainty analysis

Results of the presented modeling depend strongly on the range of technical parameters that are

either derived from experimental demonstrations and do have a margin for improvement upon

scale-up, either are coming from engineering approximations for similar systems, as well as on

the prices of bulk chemicals, which are highly volatile. We therefore propose to perform an uncer-

tainty analysis to assess the influence of the variation following parameters on the net value
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generated by CO2 recycling: 1) Cell voltage: assumed 2V, varies +20%. 2) Faradaic efficiency for

ethylene (desired product) production: varies +-10% (yielding 100% efficiency). 3) Ethylene price

varies +-20%. 4) Oxygen price varies +-20%. 5) CO2 tax: up to 119 USD/t of CO2 emitted.

To compute the uncertainty analysis results, we created described above scenario with the Excel sheet

(found under Data – What-if-Analysis – Scenario Manager), so that the user can generate uncertainty re-

ports for new systems/economic data automatically. Figure 5 depicts the results of the analysis (stored in

Uncertainty & Statistical anal. Tab) solved for an exemplary case of energy costing 0.03 USD/kWh.

QUANTITATIVE AND STATISTICAL ANALYSIS

Sensitivity anduncertainty analysis presented inprevious sections arebasedonvariationof one factor at a

time,which is very insightful for the determination of key factors underlying the process economics. How-

ever,once the technologybecomesmorematureandestimateson the technologyperformancearemore

Figure 5. Uncertainty analysis, where several technical and economic parameters are varied to observe their

influence on the ROI of the modeled CO2R reactor

Assumed energy price: 0.03 $/kWh, investment cost based on cost coefficients for scaled-up technology.

Figure 4. Sensitivity analysis results

(A) ROI for the analyzed CO2 electrolysis process and (B) how much of the manufacturing costs of a considered chemical (here: ethylene oxide) can be

reduced upon integration of CO2 electrolysis within the chemical plant, as a function of the price of electricity powering the process and CO2 taxation

level.
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precise, it is worthy to vary different factors at the same time and observe their collective influence on the

profitability metrics. To understand the statistical trends around the techno-economic assessments, we

propose togenerate largerdata setsbyvarying theparameters identified in theuncertaintyanalysis along

with the electricity price. We used the attached Excel tool to compute dataset (see Excel Uncertainty &

Statistical analysis Tab) by using an automated Scenario manager function. The results are illustrated in

Figure6with aboxplot displaying theminimum, themaximum, the samplemedian, and the first and third

quartiles for the value of return on investment. Illustrated statistical metrics were chosen due to their use-

fulness for the visualization of both the center and the spread of the data points. Readers interested in

alternative methods for uncertainty and sensitivity assessment are encouraged to explore further litera-

ture guidelines (Zimmermann et al., 2020; van der Spek et al., 2019; Rubin et al., 2021).

Figure 6 presents the results of the statistical analysis for two scenarios: a) assuming the investment

cost for the early applications of CO2R, corresponding to low TRL (technology readiness level) (the

highest investment cost benchmark), b) assuming the investment cost for the widely adopted and

scaled-up technology, high TRL level (lower investment cost benchmark). Results of this analysis sug-

gest that under low energy prices (here 0.02–0.03 USD/kWh), potential uncertainties around the

technology performance are not likely to significantly affect the ROI period for both low and high

TRL levels. However, with a higher electricity costs, uncertainties are rising significantly. Similar

trends are observed for both scenarios regarding the investment cost for electrolyzer, and the

ROI is proportionally lower upon the investment costs projected for the scaled-up technology.

LIMITATIONS

ThepresentedTEAmethod isdesigned to support thegeneral understandingof the applicability and the

potential profits generated by CO2 electrolysis; hence, we concentrate only on key contributors to the

cost structure and deliberately simplify certain elements of CO2R reactor and the components around

it. The calculations are based on a forward-looking assumption that CO2Rprocessmetrics demonstrated

in the laboratory environment will be feasible to obtain on a large-scale, upon completion of necessary

scale-up efforts. These efforts shall particularly address demonstrating long-terms stability of the reactor

system and its capacity to deal with potential impurities in the feed CO2 stream.

Presented calculations steps are especially applicable within (but not limited to) recycling of CO2 in-

side the chemical plants where (i) CO2 stream available for conversion is free of the impurities to the

Figure 6. Statistical trends for the possible variation of ROI

Minimum, maximum, the sample median, and the first and third quartiles for the possible variation of the ROI of the CO2R electrolysis unit derived from

the uncertainty analysis for a) possibly highest projected investment cost, b) investment cost projected upon technology scale-up. Energy prices were

varied here along with different technical parameters assumed in this study (see in text description and the Excel file) to simulate the effect on the ROI

and obtain statistical trends.
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catalyst considered and (ii) the gas product mixture can be further used without the need for

separation into pure compounds streams. Other deployment scenarios necessitate additional

consideration of CO2 purification costs and required product separation, which is described under

the troubleshooting section.

TROUBLESHOOTING

Problem 1: How to use the protocol for stand-alone plants (steps 1–3)?

Modeling of CO2 electrolysis as a stand-alone plant (not integrated within an existing chemical plant)

is a simplified case of use of this protocol, as there is no need to consider the interconnections be-

tween the existingmanufacture and newCO2 electrolysis units (steps 1–3). Instead, the user needs to

define available CO2 sources and the target compound to be produced (e.g., ethylene, syngas; see

Excel tabs for examples).

Potential solution

The user needs to adjust the feed CO2 flowrate (Excel cell B11) to obtain the desired flowrate of

product (Excel cell E54), consider the cost of purchase of CO2 (Excel cell B78), as well as review

the price indicators for CO2 electrolysis products (Excel cell B79-84) considering the emerging dis-

tribution costs. In stand-alone deployment scenario, CO2R products will likely need to be either

transported to another plant or directly to the end user, resulting in the need for establishing a sup-

ply chain around the CO2R unit. These costs will strongly depend on the intended use and local mar-

ket, hence require detailed assessments on case-by-case basis.

Further, the user needs to consider the requirements on CO2R product stream composition, as there

might be a need to separate the CO2R products (e.g., ethylene) from the rest of the outlet gas

stream containing mainly CO2. Choice of the particular separation set-up will strongly depend on

the CO2R products final application and needs to be designed also on case-by-case basis. Provided

protocol helps to understand the potential outputs of scale-up CO2R process and will therefore

serve to facilitate the design of separation steps and guide related experimental efforts.

Problem 2: How to use the protocol for recently discovered products of CO2R (step 4)?

While the attached calculation tool covers themost commonly reported products of CO2 electrolysis

(see Excel tabs), the community is looking forward to future discovery and scale-up of elegant routes

for obtaining more complex chemical molecules directly from CO2.

Potential solution

In case of analyzing new CO2R products, the user needs to provide experimental data such Faradaic

efficiency, full cell voltage, current density and to extend the table ‘‘Compounds data and electro-

catalysts characterization’’ (Excel cells A21-I29), as well as basic data such as the number of electrons

transferred for each reaction, reaction stoichiometric coefficients, enthalpy of formation and molar

mass. The structure of the model makes it deployable across different ranges of compounds, as far

as accurate price indicators are provided.

Problem 3: How to use the protocol to compare carbon utilization techniques (step 24)?

CO2 electrolysis is one among several techniques proposed for valorization of CO2 to chemicals and

fuels and we anticipate that experts in other utilization techniques (e.g., chemical conversion) might

seek to compare these routes to CO2 electrolysis-based method.

Potential solution

To ensure a representative comparison, data computed from proposed model should be used for

benchmarking against systems that use same feedstocks and deliver the same flowrates and quality

of outputs (see definition in Excel cells B11 and E54-61). In such case, this protocol can be used to

derive metrics such as e.g., net value generated by electrolysis process (Excel cell B99), return on

investment (Excel cell K119) and compare against any other carbon utilization technique.
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Problem 4: Can the ROI be negative (step 24)?

The operational costs of running CO2 electrolysis depend strongly on the electric energy prices,

hence, if the cost of energy necessary to deliver to the reactor exceeds the value of generated prod-

ucts (e.g., ethylene), the ROI is negative, meaning that the investment will not be economically viable

under the assumed price indicators.

Potential solution

Developing of long-term fixed price contracts with the renewable energy suppliers will be necessary

for securing stable operational costs and reasonable ROI. Our exemplary data set shows that energy

price between 0.02$–0.03$/kWh can secure viable ethylene production costs and ROI.

Problem 5: Why CO2 tax has only a minor influence on TEA (related to expected outcomes

sensitivity analysis)?

Provided example of CO2R deployment in EO plants might surprise the user in terms of limited in-

fluence of CO2 tax on CO2R process economics (e.g., max. potential for operational costs reduction

is around 10% with no CO2 taxes and 12% upon highest CO2 levies). This is directly related to the

CO2 emissions density (how much of CO2 is emitted at the chemical plant per kg of final product).

For EO plant, emissions density is around 0.38 kg of CO2/kg of EO, falling relatively low in compar-

ison to e.g., ammonia production (1.3 kg CO2/kg of NH3). Furthermore, note that we assume that the

price of chemical (e.g., EO) raises to cover the emerging CO2 taxes (Excel cell B130, B139).

Potential solution

In economies with a high CO2 taxation level, it might be more profitable to envision CO2R integra-

tion in plants with higher CO2 emission density. For the overview of plants where CO2R can be used,

refer to the article deploying this method (Barecka et al., 2021a).

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Magda H. Barecka, mb2363@cam.ac.uk.

Materials availability

This study did not generate new unique reagents.

Data and code availability

The Excel calculation too that includes all models generated or analyzed during this study was

deposited on Mendely Data server (https://doi.org/10.17632/2jpy5233nb.1) and referenced in

KRT section. The data on CO2 emissions market, which was used to illustrate the applicability of

the model, is deposited with the paper of (Barecka et al., 2021a), see also key resources table.
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