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Abstract 

Recently, CO2 electrochemical reduction (CO2R) has gained popularity, to cope with the strict 

environmental rules on greenhouse gas emissions, and to convert CO2 to value-added 

chemicals/fuels. Ionic liquids (ILs) have been considered as potential media for CO2R owing 

to their multi-functions in enhancing CO2R solubility and improving CO2R reaction rate and 

product selectivity. To date, there have been many studies related to CO2R in IL-based systems, 

which primarily focused on fundamental research to offer findings about CO2R performance 

and reaction mechanisms, and one article focused on evaluating the economic potential of the 

stand-alone CO2R process without considering the upstream process or integrating into other 

processes. In fact, the integration of CO2R with upstream or other production processes will 

make the evaluation more practically significant, and thus deeper knowledge about the viability 

of the integrated CO2R process is needed, but relevant work is still lacking. Meanwhile, how to 

further improve the performance of CO2R is another concern. 

The goal of this work is to perform systematic studies on techno-economic assessment of the 

integrated CO2R process and experimental research for producing methanol (CH3OH) with ILs 

as electrolytes as the focus, since CH3OH is an important solvent, energy and hydrogen carrier, 

and feedstock. 

In the first part, an intensive literature survey was conducted to summarize the research progress, 

identify the state-of-the-art and provide the research gap for CO2R in the IL-based systems. It 

shows that the multi-functions as CO2 absorbents, reaction media, and co-catalysts give ILs a 

distinctive boosting effect on the CO2R performance. But now the research mainly focused on 

lab-scale experimental studies, while the viability of this technique on a large scale is unclear.  

In the second part, stand-alone CO2R producing CH3OH with IL as the absorbent and 

electrolyte was studied and then further integrated with biomass gasification. The economic 

feasibility and environmental impact were investigated and compared, under current and future 

conditions. Stand-alone CO2R process shows high total production cost (TPC) due to the high 

electrolyzer and electricity costs. The TPC could reduce from 1.44 to 1.02 €/kg-CH3OH under 

the current conditions after integration. Additionally, based on the analysis, electricity for CO2R 

is the main part of energy usage and dominates the CO2 emission of the integrated process. 

In the third part, techno-economic analysis of the integrated processes that combined CO2R in 

IL to produce CO, syngas, and CH3OH with biomass gasification for producing CH3OH was 

performed and contrasted with stand-alone biomass gasification and CO2R processes. The 



 

process that integrated with CO2R to CO was identified as the optimal pathway with the lowest 

TPC of 0.38 €/kg-CH3OH under the current condition. Sensitivity analysis confirmed that 

electricity and H2 prices are two key parameters influencing the TPC of the process, which is 

combined with CO2R to CO followed by hydrogenation to CH3OH; while for the integrated 

processes with CO2R to syngas and CH3OH, simultaneously reducing stack and electricity 

prices as well as improving CO2R performance are significant to make these processes viable 

in the future. 

In the fourth part, preliminary experimental research on CO2R to CH3OH with various catalysts 

in IL-based electrolytes was conducted to evaluate the influence of catalysts and ILs on the 

CO2R performance. It was found that CO2R to CH3OH by using copper-deposited nickel foam 

(CuNi) showed the optimal performance with current density and Faradic efficiency of CH3OH 

of 14 mA/cm2 and 46.31% under -1.7 V vs Ag/Ag+, respectively. 
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1. Introduction 

1.1 Background 

CO2 emission from fossil fuels is the main contributor to global warming and the primary 

obstacle to meeting the goal of achieving climate neutrality by 2050. According to the Global 

Carbon Budget (GCB) report, global fossil CO2 emissions increased by 60% over 1990 to 36.4 

Gt in 2021.1 It is very urgent to establish an effective framework to mitigate CO2 emissions. 

To mitigate CO2 emissions from industries, CO2 capture has been proposed, where in general, 

CO2 separation is needed. In the energy and transportation sector, using renewable materials 

and fuels to replace fossil fuels is an attractive option to mitigate CO2 emissions. Especially, 

producing sustainable transportation fuels through biomass gasification has attached 

considerable interest with extensive research, where CO2-separation/purification-unit is also 

needed to improve the efficiency of the subsequent process.2 Therefore, CO2 separation is of 

importance in mitigating CO2 emissions. 

After CO2 capture, the separated CO2 can be stored or used for different purposes, and the 

overall process is called CO2 capture, utilization, and storage (CCUS).3 In fact, CO2, as the most 

economical carbon source, can be converted to a variety of chemicals, such as alcohols, syngas, 

and carbamates.4 Therefore, the conversion of CO2 to value-added chemicals can be one of the 

attractive approaches to reducing CO2 emission and at the same time producing carbon-based 

products. 

Different technologies have been proposed for CO2 conversions, such as thermochemical 

conversion, enzymatic conversion, photo-catalytic and electrochemical reduction of CO2. 

Among them, electrochemical reduction of CO2 is becoming significant in development 

considering its advantages of mild reaction conditions and the opportunity to use renewable 

energy sources (e.g., solar and wind energy), which provides a way to achieve a sustainable 

carbon-based economy.5 

1.2 CO2 electrochemical reduction 

CO2 electrochemical reduction (CO2R) is carried out in an electrochemical system. As shown 

in Figure 1-1, electrode, electrolyte, and electrolytic cell are the three main components of a 

typical electrochemical system. According to the function, the electrode can be divided into 

working, reference, and counter electrodes. The working electrode is the one where the reaction 

takes place. The reference electrode has stable and well-known electrode potential, which is 

used as a reference in measuring and controlling the working electrode potential. The counter 
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electrode is used to provide protons for producing products. For all electrolysis systems, 

electrolytes are always needed to conduct electricity. 

 

Figure 1-1. The schematic diagram of the electrochemical system for CO2R. Reprinted with 

permission from Ref.6 Copyright 2018 John Wiley and Sons. 

For a typical CO2R process, CO2 bubbles into electrolyte and converts to CO2
‾• on the surface 

of the working electrode in the cathode compartment, which is the rate-determining step for 

CO2R because of the high energy requirement to bend and reorganize the stable linear CO2 

molecule. In the anode compartment, water converts to oxygen and protons via oxygen 

evolution reaction (OER) (Eq. 6). Then the generated protons transfer through a Nafion 

membrane into the cathode compartment and combine with CO2
‾• to generate gaseous and/or 

liquid products. The reaction mechanism for CO2R to different products (Eqs. 1-4) is listed in 

Scheme 1-1. In addition, the combination of two protons could produce hydrogen via hydrogen 

evaluation reaction (HER), which is the main by-product of CO2R (Eq. 5). 

Cathode: CO2 + 2H+ + 2e− → CO + H2O (1) 

 CO2 + 2H+ + 2e− → HCOOH (2) 

 CO2 + 6H+ + 6e− → CH3OH + H2O (3) 

 CO2 + 8H+ + 8e− → CH4 + 2 H2O (4) 

 2H+ + 2e− → H2 (5) 

Anode: 2H2O → O2 + 4H+ + 4e− (6) 

Scheme 1-1. Reaction mechanism for CO2R towards different products and HER. 
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Up to now, even though a large amount of research work on CO2R has been reported, many 

significant scientific difficulties are faced, and for most of the target products: (i) A high 

overpotential is usually required to form CO2
‾• because of the high energy barrier, which results 

in the low energy efficiency of the CO2R process; (ii) The current densities for CO2R are quite 

low due to the slow kinetics of CO2 activation and reduction; and (iii) Faradic efficiencies for 

producing target products are low.  

1.3 Ionic liquid as electrolyte for CO2R 

Electrolyte plays important role in CO2 dissolution, activation, and reaction. The electrolyte 

with desirable CO2 solubility could make the CO2R process more efficient. However, CO2 

solubilities in conventional aqueous-based electrolytes (such as aqueous KHCO3 and KCl) are 

quite low, around 0.03 mol/kg under ambient conditions.7 Ionic liquids (ILs), as the novel liquid 

salts, have tunable nature by changing the cations and anions, making it possible to design ILs 

with high CO2 solubility. 

Besides high CO2 solubility, ILs also have the advantages of excellent electrical stability, high 

conductivity, and wide electrochemical window, and thus have been considered as promising 

electrolytes. In addition, ILs have been found to function as co-catalysts to decrease 

overpotential and improve current density and Faradic efficiency in the CO2R process.8 An 

initial report on CO2R with Ag as a working electrode in aqueous 1-ethyl-3-methylimidazolium 

tetrafluoroborate ([Emim][BF4]) demonstrated that the overpotential for producing CO was 

reduced by 600 mV attributed to the formation of [Emim]-CO2 complex.9 In addition, ILs 

exhibit the ability to suppress HER, and thus improve the current density and Faradic efficiency 

for producing target products via CO2R.10 

1.4 Evaluation of CO2R 

The work on CO2R that is currently available primarily focuses on fundamental research to 

explore reaction mechanisms and improve CO2 reduction performance. However, CO2R will 

be applied on an industrial scale only if it is economically competitive. Recently, several articles 

have been devoted to evaluating the techno-economic feasibility of the CO2R process by using 

conventional aqueous electrolytes, but only one article assessed the profitability of the process 

by using IL-based electrolytes. In addition, all these works focused on the stand-alone CO2R 

processes without considering the upstream CO2 separation/purification processes and the 

integration with other processes. In fact, the evaluation of the processes that are combined CO2R 
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with its corresponding upstream processes and other units of the integrated process is more 

meaningful for practical application, but relevant work is still scarce. 

1.5 Objectives 

The objective of this work is to perform systematic studies on CO2R in IL-based electrolytes. 

Firstly, a literature review was made to understand the research status and gaps of the CO2R 

process in the IL-based systems and provide research directions. Then, based on the results 

from the literature review, the economic feasibility and environmental impact of both stand-

alone and integrated CO2R processes were evaluated. After that, a techno-economic assessment 

was carried out to select the most promising integrated CO2R processes. Finally, experimental 

research on CO2R by using various catalysts and electrolytes was conducted to investigate the 

influence of catalysts and electrolytes (ILs) on the reaction performance. 
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2. Literature review 

According to the literature review, a large amount of work has been done to convert CO2 into 

various highly valuable chemicals via CO2R in the IL-based electrolytes. The results are 

summarized and demonstrated in Figure 2-1. 

CO is one of the most promising products since it is an important fuel gas and feedstock of 

chemicals, such as acids and alcohols. CO2R to CO is a promising route for CO2 utilization and 

CO production, since only two electrons are required during the reaction, making it easy to 

synthesize. CO2R to CO shows the optimal performance with the highest current density (330 

mA/cm2)11 and Faradic efficiency (99.7%)12 in H-cell. By comparing the performance reported 

in the literature, three articles showed both desirable current densities and Faradic efficiencies 

(marked as 1-3 in Figure 2-1). In article 1, the current density of CO2R to CO reached 182.2 

mA/cm2 with a quite high Faradic efficiency of 99.7%.12 The current densities of CO2R to CO 

in articles 2 (237 mA/cm2)13 and 3 (330 mA/cm2)11 are higher than those in article 1, but the 

generation of H2 and liquid by-products (HCOOH, CH3OH, and other liquid chemicals) makes 

their Faradic efficiencies lower than 90%. It means that a product separation process is needed 

to get pure CO and reuse the electrolyte, which will cause extra costs. Therefore, the research 

in article 1 is easier to scale up and has more potential to be profitable. 

 

Figure 2-1. Current densities and Faradic efficiencies for CO2R to CO, HCOOH, CH3OH, 

and CH4 in IL-based electrolytes. (Data taken from our review article which summarized the 

results prior to 20218 and the updated articles between 2021-202212, 14-23) 

HCOOH is commonly used in animal feed, leather tanning, and agricultural chemical market. 

CO2R to HCOOH is also a two-electrons transfer reaction. Currently, the reaction performance 
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for producing HCOOH has already reached 102.1 mA/cm2 with Faradic efficiency of 98.2% 

(marked as 4 in Figure 2-1).24 However, the separation of liquid HCOOH from the electrolyte 

is complicated and expensive. This is because CO2R is typically carried out under near-neutral 

conditions to suppress HER, and in this case, some HCOOH will transfer to the formate form. 

In addition, a small amount of water is usually added to the IL-based electrolyte, the strong self-

association and cross-association between HCOOH and water in the liquid phase make it 

energy-intensive to separate them. Therefore, the separation of HCOOH from the electrolyte is 

challenging for separating the products. 

CH3OH is a common solvent and regent, an important energy and H2 carrier, as well as a 

significant feedstock of many bulk chemicals. The performance for CO2R to CH3OH is lower 

than that of CO2R to CO and HCOOH, as the six-electron transfer process makes it more 

complicated to control the reaction route. Only five articles have been reported for CO2R to 

CH3OH in the IL-based electrolytes up to now. For the article marked as 5 in Figure 2-1, a 

current density and Faradic efficiency of 67 mA/cm2 and 88.6% were obtained, and H2 was the 

only by-product.22 Even though the current density in the article marked as 6 in Figure 2-1 

(122.7 mA/cm2) is much higher than that of the article marked as 5, the Faradic efficiency is 

only 67.4%.23 In addition, both H2 and HCOOH are by-products, and the separation of HCOOH 

from the electrolyte will increase the cost.  

CH4 is an important platform molecule and can be directly used as fuel. The more electrons 

needed to transfer for CO2R, the more difficult to control the reaction. Since eight electrons are 

required for CO2R to CH4, the highest current density only reaches 25.6 mA/cm2 with a Faradic 

efficiency of 83%. 

CO2 can also be converted to multi-carbon products, such as ethanol (C2H5OH) and C2H4, but 

the reaction performance is undesirable under the current conditions since C-C coupling 

reactions are difficult to achieve for CO2R. 

Based on the above discussion, CO and CH3OH are two attractive products of CO2R. In theory, 

CO2R reported in the articles marked as 1 and 5 shows desirable reaction performance for 

producing CO and CH3OH, respectively. But their viabilities on a large scale are still unclear, 

which were evaluated in this thesis. Meanwhile, experimental studies were carried out to 

investigate how ILs and catalysts affected the performance of CO2R to CH3OH.  
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3. Methodology 

3.1 Evaluation of integrated biomass gasification and CO2R to CH3OH process 

3.1.1 Process description 

Stand-alone CO2R process: The overall process of stand-alone CO2R is shown in Figure 3-1. 

CO2 from an industrial gas stream was captured and purified by using IL as an absorbent. The 

purified CO2 entered a CO2R unit with IL as an electrolyte and converted CO2 to CH3OH. The 

unreacted CO2 and the by-product H2 were separated in the pressure swing adsorption (PSA) 

unit. CH3OH and electrolyte were separated by distillation. Both unreacted CO2 and the 

electrolyte were recycled back to the CO2R unit. 

 

Figure 3-1. Stand-alone CO2R process. 

CO2R integrated with biomass gasification (integrated-1): For the integrated-1 process as 

shown in Figure 3-2 (A), CO2 gas for electrochemical reduction came from the ‘acid gas 

cleaning’ unit of the gasification chain. The generated O2 in CO2R was used as the O2 source 

for biomass gasification, and the by-product H2 was mixed with bio-syngas in the gasification 

chain. 

CO2R integrated with both CO2 capture/purification and biomass gasification 

(integrated-2): For the integrated-2 process as shown in Figure 3-2 (B), CO2-rich IL directly 

entered the CO2R unit after CO2 capture from bio-syngas. Different from the stand-alone and 

integrated-1 processes, only H2 exists in the gas phase since CO2 is dissolved into the electrolyte, 

and thus the PSA unit is avoided in integrated-2. 
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Figure 3-2. (A) Integrated-1 and (B) integrated-2 processes. 

3.1.2 Economic analysis 

Total production cost (TPC) was calculated based on the total capital cost (TCC) and operating 

cost (TOC) according to Eqs. 7 and 8. 

𝑇𝑃𝐶 = 𝐴𝐶𝐶 + 𝑇𝑂𝐶 (7) 

𝐴𝐶𝐶 =
𝑇𝐶𝐶

(1 − (1 + 𝑖)−𝐿)/𝑖
 

(8) 

where ACC is the annual capital cost, i is the interest rate, and L is the project lifetime. 

TCC was calculated by using the method reported by Jouny et al.25 For CO2R, the capital cost 

was estimated by referring to the alkaline water electrolyzer, which is the commonly used 

method to calculate the cost of electrolyzer for CO2R.25 The area of the electrolyzer was 

calculated according to Eq. 9. For other units, e.g., product separation, the capital cost was 

calculated by using the factorial method.25  

𝐴𝐸 =
𝐼

𝑗
=

𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ∙ 𝑧𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ∙ 𝐹

𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ∙ 𝐹𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ∙ 𝑗
 

(9) 
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where I is the total current, and j is the current density. m is the production rate. M is the 

molecule weight, and z is the required electrons to produce the target product. F is the Faradic 

constant. FE represents the Faradic efficiency. 

TOC includes variable (energy usage and materials consumption) and fixed (cost for operating 

and maintenance) costs. Energy usage for CO2R was estimated according to the electricity price 

and the needed power (P) calculated based on Eq. 10. The energy usage for product separation 

was calculated by referring to the method reported in the literature.25 The detailed calculation 

of TCC and TOC can be found in Paper 2. 

𝑃 = 𝑉 ∙ 𝐼 = 𝑉 ∙
𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ∙ 𝑧𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ∙ 𝐹

𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ∙ 𝐹𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡

 
(10) 

where V is the cell voltage. 

3.1.3 Environmental analysis 

The cradle-to-gate life cycle assessment (LCA) was carried out according to the 14040/14044 

framework to understand the global warming impact (GWI) of CO2R to CH3OH. GWI was 

calculated based on the electrical energy required and the electricity generation intensity. In 

addition, the environmental burden for H2 and O2 was considered to determine the co-product-

specific impact for equivalent systems. During the calculation of GWI, the carbon footprint for 

CO2 capture using IL was assumed to be -0.5 kg-CO2e/kg-captured-CO2,
26 and the CO2 

emission intensity of electricity is 0.23 kg-CO2e/kWh.27 

3.1.4 Parameters 

One base case scenario and three optimistic scenarios (Cases 1-3) were established under the 

current condition and the future conditions, which are supposed to be technology-ready in 2025, 

2030, and 2040, respectively. The major parameters for different scenarios are listed in Table 

3-1. 

Table 3-1. Parameters for different scenarios. 

Fixed parameter 

Reference year 2022 Production rate, tons/day 50 

System lifetime, yr 20 Operating time, day 350 

Conversion 0.5 IL price, €/ton28 5800 

H2O price, €/ton28 0.44  Catalyst cost, €/kg[a] 5000 

Interest rate (%) 10   

Variable parameter     
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 Base case Case 1 Case 2 Case 3 

Current density, mA/cm2 67 150 300 600 

FE, % 88.6 90 95 100 

Cell voltage, V 3.28 3 2.5 2 

Stack cost, €/m2 1014 1014 761 507 

Electricity, €/kWh 0.04 0.04 0.03 0.02 

[a] According to the market value of Sn (99.999% trace metal basis) and CuO (99.99% trace metal basis) powder 

supplied by Sigma-Aldrich. 

3.2 Evaluation of integrated biomass gasification for producing CH3OH and CO2R to 

CO/syngas/CH3OH processes 

3.2.1 Process description 

Stand-alone biomass gasification: a CH3OH plant via black liquor (BL) gasification integrated 

with Pulp Mill (PM), as reported by Carvalho et al.29, was chosen as the stand-alone biomass 

gasification process for evaluation, as shown in Figure 3-3. In this process design, SIMGAS 

was used for the simulation of biomass gasification, and Aspen Plus was used for the simulation 

of syngas upgrading as well as CH3OH synthesis and distillation. Typically, BL entered a 

pressurized, oxygen-blown, entrained-flow gasifier for gasification at 1050 ℃ with a flow rate 

of 3334 ton-BL/day. Air separation unit (ASU) was used to provide O2 for BL gasification. The 

obtained raw syngas left from the gasifier was sent to a water gas shift (WGS) unit. After that, 

the acid gases (H2S and CO2) in the shifted syngas were removed in an acid gas removal (AGR) 

unit. A CO2/H2S separation unit was used to remove H2S from CO2. The purified syngas was 

converted to CH3OH at 30 ℃ in a methanol synthesis (MSY) unit. Finally, a distillation unit 

was used to get grade CH3OH (> 99.85 wt%). In Case 1, CO2 was assumed to be released into 

the air, and in Case 2, CO2 was transported and stored.  

 

Figure 3-3. Stand-alone biomass gasification processes. 
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Stand-alone CO2R: There are three approaches for stand-alone CO2R for producing CH3OH, 

which include: (i) CO2R to CO followed by CH3OH synthesis via hydrogenation (Case 3), (ii) 

CO2R combined with HER to syngas followed by CH3OH via hydrogenation (Case 4). (iii) 

CO2R to CH3OH (Case 5). The process flowsheet of stand-alone CO2R is shown in Figure 3-

4. For CO2R, the process is like the stand-alone CO2R process described in Section 3.1.1. But 

in Case 3, the product CO entered the MSY unit and combined with a certain amount of H2 

(H2/CO = 1.95) for CH3OH synthesis, while in Case 4, syngas with the H2/CO ratio of 1.95 was 

obtained by adjusting the applied potential for CH3OH synthesis. Different from Cases 3 and 4, 

CO2 is directly reduced to CH3OH in Case 5. 

 

Figure 3-4. Stand-alone CO2R processes. (A) Case 3, (B) Case 4, and (C) Case 5. 

Integrated CO2R and biomass gasification: the integration of CO2R and biomass gasification 

was performed, which includes the integration of biomass gasification and CO2R to CO (Case 

6), and the integration of biomass gasification with Cases 3 (Case 7), 4 (Case 8), and 5 (Case 

9), respectively, as shown in Figure 3-5. For all these integrated processes, the removed CO2 

from the biomass gasification chain was used for CO2R, and the generated O2 from the CO2R 

chain was used as the O2 source for BL gasification. 
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Figure 3-5. Integrated biomass gasification and CO2R processes. (A) Case 6, (B) Case 7, (C) 

Case 8, and (D) Case 9. 
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3.2.2 Economic analysis 

The economic analysis for the stand-alone CO2R and the CO2R chain of the integrated process 

is similar to Section 3.1.2. While for the stand-alone biomass gasification and the biomass 

gasification chain of the integrated process, the capital and operating costs are derived from the 

literature reported by Carvalho et al.29 

3.2.3 Parameters 

The base scenario was established under the current condition and the parameters are shown in 

Table 3-2. In addition, in Case 1, the cost for the emission of CO2 into the air was assumed to 

be 80 €/ton-CO2, which is the average carbon tax in Europe in 2022.30 In Case 2, CO2 was 

transported and stored, and the cost was assumed to be 15 €/ton-CO2.
31 

Table 3-2. Parameters for base scenario. 

Parameters    

Reference year 2022 System lifetime, yr 20 

Operating time, day 355 CO2 conversion  0.5 

IL price, €/ton28 5800 H2O price, €/ton28 0.44 

MeCN, €/ton27 3400 Catalyst cost (CO2R-to-CO), €/kg[a] 8500 

Catalyst cost (CO2R-to-CH3OH), €/kg[b] 5000 Interest rate (%) 10 

Electricity price, €/kWh 0.05 Stack cost, €/m2 1174 

CO2R performance    

Current density, mA/cm2  Cell voltage, V  

      (i) CO2R-to-CO 182.2       (i) CO2R-to-CO 3.29 

      (ii) CO2R-HER-to-syngas 30       (ii) CO2R-HER-to-syngas 2.74 

      (iii) CO2R-to-CH3OH 67       (iii) CO2R-to-CH3OH 3.28 

Faradic efficiency (CO2R-to-CH3OH), % 88.6   

[a] According to the market value of CdS (99.995% trace metal basis) powder supplied by Sigma-Aldrich. [b] 

According to the market value of Sn (99.999% trace metal basis) and CuO (99.99% trace metal basis) powder 

supplied by Sigma-Aldrich. 

3.3 Experimental section 

3.3.1 Materials 

Copper sulfate pentahydrate (CuSO4∙5H2O, purity > 99%), lactic acid (purity > 85%), sodium 

hydroxide (NaOH, purity > 99%), zinc sulfate monohydrate (ZnSO4∙H2O, purity > 99.9%), 

sulphuric acid (H2SO4, purity: 95-98%), copper (Cu) plate (purity > 99.9%), copper chloride 

(CuCl2, purity > 99%), Zirconium(IV) chloride (ZrCl4, purity > 99%), sodium dodecyl sulfate 

(SDS, purity > 99%), hydroxylamine solution (50 wt% in water), molybdenum(IV) sulfide 
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(MoS2, purity > 99.8%), acetonitrile (MeCN, purity > 99.9%), tetrafluoroboric acid solution 

(HBF4, 48 wt% in H2O), 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, purity > 99%), and 

imidazole (Im, purity > 99%) were purchased from Sigma-Aldrich. Nickel (Ni) foam, carbon 

cloth, and Nafion N-117 membrane were purchased from Shanghai Heshen Co., Ltd. 1-Butyl-

3-methylimidazolium tetrafluoroborate ([Bmim][BF4]) was purchased from Shanghai Chengjie 

Co., Ltd. 

3.3.2 Synthesis of catalysts and ionic liquids 

Cu2O-ZnO: Firstly, (0.4 M CuSO4 + 3.0 M lactic acid) solution was prepared by adding a 

certain amount of CuSO4∙5H2O and lactic acid to deionized water. 2.0 M NaOH solution was 

used to adjust the pH to 11 (Solution A). Then, 0.1 M ZnSO4 was prepared by adding a certain 

amount of ZnSO4∙H2O to deionized water (Solution B). Cu plate was polished and cleaned three 

times by using ethanol, 0.5 M H2SO4, and deionized water separately before use. Cu2O film 

was then electrodeposited on the polished Cu plate at -0.45 V vs Ag/AgCl for 15 min in solution 

A. After that, ZnO was electrodeposited on the above plate at -1.3 V vs Ag/AgCl for 5 min in 

solution B to get the catalyst of Cu2O-ZnO. 

Cu2O-ZrOx: 1 mmol CuCl2, 0.1 mmol ZrCl4, and 0.1 g SDS were added into the 20 mL 

deionized water with vigorous magnetic stirring in a flask. Then, 1.2 mL NaOH (2M) was 

slowly injected into the solution and continuously stirred for 30 min. After that, 0.15 mL 

hydroxylamine solution was added into the flask and stirred for 6 h. Finally, the precipitate was 

separated by centrifugation and dried in a vacuum at 80 ℃. 

Cu2O-MoS2: 1 mmol CuCl2, 0.1 mmol MoS2, and 0.1 g SDS were added into the 20 mL 

deionized water with vigorous magnetic stirring in a flask. Then, 1.2 mL NaOH (2M) was 

slowly injected into the solution and continuously stirred for 30 min. After that, 0.15 mL 

hydroxylamine solution was added into the flask and stirred for 6 h. Finally, the precipitate was 

separated by centrifugation and dried in a vacuum at 80 ℃. 

CuNi: Ni foam was cleaned by using ethanol, 0.5 M H2SO4, and deionized water three times 

separately before use. Then Cu film was electrodeposited on the Ni foam at -7.5 V (vs Ag/AgCl) 

for 1 min in (0.2 M CuSO4 + 1.5 M H2SO4) solution. 

[DBUH][BF4]: Certain amount of HBF4 solution was added to a flask. Then equimolar DBU 

was slowly added to the above solution and stirred for 24 h. After that, the solution was heated 

by a rotary evaporator at 70 ℃ to remove water for 4 h. Finally, the obtained [DBUH][BF4] 

was dried under evaporating at 70 ℃ for 24 h. 
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[DBUH][Im]: A certain amount of Im was added to 30 mL ethanol. Then equimolar DBU was 

slowly added to the above solution and stirred for 24 h. After that, the solution was heated by a 

rotary evaporator at 60 ℃ to remove ethanol for 2 h. Finally, the obtained [DBUH][BF4] was 

dried under evaporating at 60 ℃ for 24 h. 

3.3.3 CO2 electrochemical test 

Electrochemical reduction of CO2 was conducted on the CHI 660 electrochemical workstation. 

Electrolysis experiments were performed in a H-type cell. Nafion 117 membrane was used to 

separate the cathode and anode compartments. 2 mg synthesized catalyst was dispersed into the 

carbon cloth (1.5 cm × 1 cm) and used as the working cathode. Platinum gauze (1 cm×1 cm) 

was used as a counter anode, and Ag/Ag+ was used as a reference electrode. In each experiment, 

CO2 was bubbled into the electrolyte for 30 min to obtain a CO2-saturated electrolyte. 
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4. Results and discussion 

4.1 Integrated biomass gasification and CO2R to CH3OH process 

4.1.1 Economic analysis of stand-alone CO2R process 

TPCs of CH3OH via stand-alone CO2R under the current (base case) and future (Cases 1-3) 

conditions were calculated to determine the feasibility of the CO2R process. The TPC under the 

current condition is 1.44 €/kg-CH3OH, which is much higher than the CH3OH market price of 

0.50 €/kg-CH3OH.32 The TPCs of Cases 1-3 are 1.12, 0.75, and 0.50  €/kg-CH3OH, respectively, 

confirming that only Case 3 is economically viable for the CO2R process. 

Figure 4-1 illustrates the contribution of TCC and TOC on the TPCs of stand-alone CO2R under 

different cases. It can be found that the CO2R investment, which includes stack cost, BoP, and 

indirect cost, is the main part of capital cost, accounting for 82% of TCC. The high capital cost 

is attributed to the low current density and relatively high areal stack cost. With improving 

CO2R performance in Cases 1-3 and reducing areal stack cost in Cases 2 and 3, the capital cost 

decreased to 71, 48, and 41% in Cases 1-3, respectively. For the operating cost, electricity for 

CO2R is the main driver. One reason is that CO2R to CH3OH is a six-transfer process. Another 

reason is the high energy waste because of the low Faradic efficiency and relatively high cell 

voltage. 

 

Figure 4-1. (A) Capital and (B) operating costs under different cases. 

4.1.2 Economic analysis of integrated CO2R processes 

The integration of biomass gasification and CO2R provides an opportunity to reuse the waste 

CO2 in the gasification chain and the by-products (i.e., H2 and O2) of CO2R. Figure 4-2 shows 

the TPCs of the integrated processes, where the prices of H2 and O2 were assumed to be 1.2 

€/kg-H2
33 and 0.15 €/kg-O2

34 by referring to their selling prices for industrial use. Compared 
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with stand-alone CO2R, TPCs reduced by 25% and 29% in the integrated-1 and integrated-2 

processes, respectively, under the current condition. In addition, both two integrated processes 

are profitable under the conditions of cases 2 and 3. The integrated-2 process showed lower 

TPCs than integrated-1, which are 0.38 and 0.17 €/kg-CH3OH under cases 2 and 3, respectively, 

highlighting the significance of integration.  

 

Figure 4-2. TPCs of integrated-1 and integrated-2 processes under the base and optimistic 

cases. 

4.1.3 Environmental analysis 

Figure 4-3 shows the energy demand and GWI under four cases for CO2R and product 

separation. It displayed that electricity for CO2R accounted for more than 50% of total energy 

in different cases. Since GWI was influenced by energy usage, it is important to optimize the 

energy usage for CO2R. It was found that with the improvement of CO2R performance, GWI 

decreased from 5.55 under the base case to 3.62 kg-CO2e/kg-CH3OH under case 3.  

 

Figure 4-3. (A) Energy and (B) GWI for CO2R under different cases. 
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4.2 Integrated biomass gasification for producing CH3OH and CO2R to 

CO/syngas/CH3OH processes 

4.2.1 Economic analysis of stand-alone and integrated processes 

Figure 4-4 shows the TPCs of stand-alone biomass gasification and CO2R, as well as the 

integrated processes. Stand-alone biomass gasification combined with direct CO2 emission 

results in a TPC of 0.76 €/kg-CH3OH (Case 1), while transportation and storage of the removed 

CO2 from biomass gasification makes the TPC reduced to 0.61 €/kg-CH3OH (Case 2). For 

stand-alone CO2R processes, Case 3 shows the lowest TPC (0.70 €/kg-CH3OH), which is still 

higher than Case 2. The high TPCs are attributed to the high operating cost of stand-alone CO2R 

processes. In terms of integrated processes, the integration of biomass gasification and CO2R 

to CO (Case 6) has the lowest TPC (0.38 €/kg-CH3OH) due to the extra profit for selling CO. 

In addition, by comparing Cases 7-9 with stand-alone processes, integrated processes showed 

much lower TPCs compared with their corresponding stand-alone CO2R processes, but still the 

feasibility is less than the stand-alone biomass gasification. This suggests that the cost of CO2R 

plays an important role in high TPCs of integrated cases, and thus it is important to reduce 

CO2R chain cost to make integrated cases more economically feasible.  

 

Figure 4-4. TPCs of CH3OH for different cases. 

The integration of biomass gasification with CO2R could improve the carbon efficiency of 

biomass gasification, even Cases 8 and 9 exhibit greater TPCs than the stand-alone biomass 

gasification under the current conditions. In addition, the integrated process has the potential to 

reduce TPC because of the rapid improvement in CO2R performance. To validate the key 

performance metrics and offer suggestions for further studies to lower TPCs, capital and 

operating costs of four integrated processes were analyzed as shown in Figure 4-5.  
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Figure 4-5. (A) Capital and (B) operating costs of four integrated cases. 

In Cases 6 and 7, the capital costs of the CO2R chain are less than 25% of TCCs due to the small 

electrolyzer area because of the high current density and Faradic efficiency for CO2R to CO. 

On the contrary, the cost of CO2R (i.e., stack cost, BoP, and indirect cost) is the main part of 

the capital cost in Cases 8 and 9, which accounts for 74% and 65% of TCCs, respectively. For 

the operating cost, electricity for CO2R is the major component, accounting for 36-76% of the 

operating cost in the integrated processes as shown in Figure 4-5 (B). It should be noticed that 

the H2 cost also contributes significantly to the operating cost in Case 7. In Case 8, the high 

electricity demand is caused by the HER for H2 generation. While for Case 9, the high electricity 

requirement is because of six electrons needed in converting CO2 to CH3OH. 

4.2.2 Sensitivity analysis 

(i) The effect of CO2R performance 

As discussed before, CO2R performance would influence the stack area and electricity usage 

and thus influence the TPCs. In this part, sensitivity analysis based on the CO2R performance, 

including current density, Faradic efficiency, and cell voltage, was conducted. The results are 

shown in Figure 4-6. 
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Figure 4-6. The effects of (A) current density, (B) cell voltage, and (C) Faradic efficiency on 

TPCs of different integrated processes. 

With the increase of current density, the stack area of the CO2R unit decreases, and thus results 

in a lower TPC as shown in Figure 4-6 (A). However, when the current density exceeds 180 

mA/cm2, a further improvement in the current density only leads to a slight reduction in TPC. 

Therefore, raising the current density in Cases 6 and 7 is not the best strategy to lower TPC 

because the current density has already reached 182.2 mA/cm2. As seen in Figure 4-6 (B), a 

lower cell voltage results in less total electricity usage and thus a lower TPC. In addition, the 

case that has a higher electricity percentage in TOC is more susceptible to the changes in cell 

voltage. In terms of Faradic efficiency, both the total electricity usage and the stack area are 

impacted by Faradic efficiency. In Cases 6 and 7, a very high Faradic efficiency of 99.7% is 

achieved, and in Case 8 a fixed Faradic efficiency is set to maintain a constant H2/CO ratio. 

Therefore, only the effect of Faradic efficiency on the TPC of Case 9 was investigated as shown 

in Figure 4-6 (C). With the improvement of Faradic efficiency, both the total current and 

electricity waste decreased, thus reducing the stack area and total electricity usage for producing 

CH3OH. Therefore, the increase in Faradic efficiency results in a reduction in TPC because the 

investment cost and electricity are the main part of the capital and operating costs of CO2R in 

Case 9.  

(ii) The effect of stack and electricity prices 

Prices for stack and electricity have an impact on TPC by directly affecting TCC and TOC. As 

shown in Figure 4-7 (A), TPCs decline linearly with decreasing stack cost. Cases 8 and 9 have 

a more obvious decrease in TPCs than Cases 6 and 7, due to their low current densities, the 

capital cost for CO2R contributes significantly more to the TCC of the integrated process. The 

price of electricity has a significant impact on TPC, and it is discovered that a change in 
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electricity of 0.01 €/kWh results in a change in TPC of 0.05-0.13 €/kg-CH3OH (Figure 4-7 

(B)). 

 

Figure 4-7. The effect of (A) stack and (B) electricity price on TPCs of different integrated 

processes. 

(iii) The effect of H2 source 

In this part, the H2 used in Case 7 was assumed to be from ‘coal gasification + CCS’, ‘steam 

methane reforming (SMR) + CCS’, alkaline water electrolysis (AE), or polymer electrolyte 

membrane water electrolysis (PEM). As shown in Figure 4-8, using (SMR + CCS) for H2 

production results in the lowest TPCs of 0.61 and 0.58 €/kg-CH3OH under the current market 

H2 price and the price in 2030, respectively, whereas H2 from PEM has the highest TPC of 0.90 

€/kg-CH3OH. Even though the AE technique is currently expensive, its prospects are bright 

given the significant drop in TPCs from 0.73 to 0.60 €/kg-CH3OH.  

 

Figure 4-8. The effect of H2 source on TPCs of Case 7 (Price of H2 taken from Ref.30). 
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4.3 Experimental results for CO2R to CH3OH 

4.3.1 The effect of catalysts  

To study the impact of catalysts on CO2R performance, electrolysis tests were carried out by 

using 30 wt% [Bmim][BF4] in MeCN with 5wt% H2O as the electrolyte. The results are given 

in Table 4-1, Cu2O-ZnO catalyst has the highest current density of 23 mA/cm2 under -2.0 V vs 

Ag/Ag+, whereas Cu2O-MoS2 displayed the lowest current density of 14 mA/cm2 under the 

same applied potential. This indicates that compared to other catalysts, Cu2O-ZnO has a 

substantially greater overall reaction rate. However, it was observed that only gaseous products 

were obtained when using Cu2O-ZnO, Cu2O-ZrOx, and Cu2O-MoS2 as catalysts. Therefore, 

these three catalysts are not appropriate since CH3OH is our target product. Even if the current 

density of the CuNi catalyst is lower than that of other catalysts, the lower applied potential of 

-1.7 V vs Ag/Ag+ suggests a lower energy requirement. Additionally, CH3OH was found in the 

electrolyte after the reaction.  

Table 4-1. CO2R performance by using different catalysts. 

Catalyst Electrolyte Potential 

(V vs Ag/Ag+) 

Current density 
(mA/cm2) 

Product 

Cu2O-ZnO 30 wt% [Bmim][BF4] in MeCN with 5 wt% H2O -2.0 23 Gas 

Cu2O-ZrOx 30 wt% [Bmim][BF4] in MeCN with 5 wt% H2O -2.0 15 Gas 

Cu2O-

MoS2 

30 wt% [Bmim][BF4] in MeCN with 5 wt% H2O -2.0 14 Gas 

CuNi 30 wt% [Bmim][BF4] in MeCN with 5 wt% H2O -1.7 14 Liquid 

 

4.3.2 The effect of ionic liquids 

To understand the effect of electrolytes on CO2R performance, different electrolytes, including 

traditional and IL-based electrolytes were used for CO2R experiments with CuNi as the catalyst. 

The results are shown in Table 4-2. The system with 0.1 M NaHCO3 solution has a maximum 

current density of 56 mA/cm2. The main reason is that Ni foam is a commonly used catalyst for 

HER with desirable performance. Thus, the production of H2 would be the main competing 

reaction in aqueous NaHCO3, leading to high total current density. It was found that the total 

current density significantly decreased in the IL-based systems since the HER was prevented.  

By comparing the results with using the IL-based electrolytes, [Bmim][BF4] performed 

significantly better performance than [DBUH][BF4]. This is because the [Emim]+ cation would 

act as a co-catalyst to form the [Emim]-CO2…[BF4] complex on the surface of the catalyst, 
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which could lower the reaction barrier of CO2. The functionalized IL, [DBUH][Im], which has 

a high CO2 solubility, was also used as the electrolyte. However, the current density with using 

[DBUH][Im] is quite low. The possible reason is that the reaction rate was slowed down by the 

chemical connection between IL and CO2, which makes it harder for CO2 to escape and be 

converted to CH3OH.  

Table 4-2. CO2R performance by using different electrolytes. 

Electrolyte Current density 

(mA/cm2) 

Faradic efficiency 

of CH3OH 

Faradic efficiency 

of formic acid 

0.1 M NaHCO3 56 - - 

30 wt% [Bmim][BF4] in MeCN with 5 wt% 

H2O 

14 46.31% 6.25% 

30 wt% [DBUH][BF4] in MeCN with 5 wt% 

H2O 

8 trace - 

0.1 M [DBUH][Im] in MeCN  4 trace - 
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5. Conclusion and future work 

5.1 Conclusion 

In the first part, the recent progress of CO2R in IL-based electrolytes was summarized and 

analyzed. ILs play an important role to improve CO2R performance as electrolytes and co-

catalysts. In addition, among different approaches, CO2R to CO and CH3OH are the two most 

promising routes for CO2 utilization considering their desirable reaction performance and the 

high value of products. But current work only focuses on fundamental research. 

In the second part, the economic feasibility and environmental impact of the integrated CO2R 

and biomass gasification process were evaluated and compared with the stand-alone CO2R 

process under both current and future conditions. The results revealed that investment 

associated with CO2R and electricity costs are the main drivers of TPCs. Integration of CO2R 

and biomass gasification is a promising way to improve the viability of the CO2R process, 

which will be economically feasible in the near future with the technology development and 

CO2R performance improvement. In addition, the environmental assessment confirmed that 

electricity for CO2R play an important role on GWI.  

In the third part, the techno-economic evaluation of the integrated biomass gasification for 

producing CH3OH and CO2R to CO/syngas/CH3OH processes was performed. The integrated 

processes demonstrated lower TPCs compared with their corresponding stand-alone CO2R 

processes. Among all the integrated cases, biomass gasification combined with CO2R to CO is 

the most potential pathway with the lowest TPC of 0.38 €/kg-CH3OH under the current 

condition. Sensitivity analysis confirmed that the integrated process that is combined with 

CO2R to CO is more sensitive to the electricity price. While the integrated processes that are 

combined with CO2R to syngas and CH3OH are sensitive to both the CO2R performance and 

the prices of stack and electricity. 

In the final part, the effect of catalysts and IL-based electrolytes on CO2R performance for 

producing CH3OH was conducted. Among all the catalysts, CuNi is the only catalyst that has 

the potential for CH3OH synthesis. The cation and anion of ILs have a significant influence on 

CO2R performance. CO2R in 30 wt% [Bmim][BF4] in MeCN with 5 wt% H2O showed the 

optimal performance with current density and Faradic efficiency of CH3OH of 14 mA/cm2 and 

46.31% under -1.7 V vs Ag/Ag+, respectively. 
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5.2 Future work 

In this work, economic evaluation only focuses on integrated systems using ILs as electrolytes. 

Comparing the processes using IL-based and conventional electrolytes will be conducted in our 

future work. 

New experimental work will focus on studying the role of CuNi and ILs on CO2R to CH3OH. 

The effect of IL content and temperature will be investigated. In addition, novel ILs and deep 

eutectic solvents (DESs) will be selected and used for CO2R. 
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