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In this study, the process of carbon dioxide (CO2) capture directly from ambient air in a conventional monoethanolamine (MEA) absorption process was simulated and optimized using a rate-based model in Aspen Plus. The process aimed to capture a specific amount (148.25 Nm3/h) of CO2 from the air, which was determined by a potential application aiming to produce synthetic methane from the output of a 2.7 MW electrolyser (593 Nm3/h H2). We investigated the technical performance of the process by conducting a sensitivity analysis around different parameters such as air humidity, capture rate defined as a ratio of moles of CO2 captured during the process to the total mole of CO2 in the feed stream, CO2 loading of lean and rich absorption liquids and reboiler temperature, and evaluated the energy consumption and overall cost in this system. In order to meet the design requirement for standard packed columns, the rich absorption liquid was circulated to the top of the absorber. A capture rate of 50% was selected in this process as a baseline. At higher capture rates, the required energy per ton of captured CO2 increases due to a higher steam stripping rate, required in the desorber, and at lower capture rates, the size of equipment, in particular, absorber and blowers increases due to the need for processing a significantly larger volume of air at the given CO2 production volume. At the base case scenario, a reboiler duty of 10.7 GJ/tCO2 and an electrical energy requirement of 1.4 MWh/tCO2 were obtained. The absorber diameter and height obtained were 10.4 and 4.4 m, respectively. The desorber is found to be relatively small at 0.54 m in diameter and 3.0 m in height. A wash water section installed at top of the absorber decreased the MEA loss to 0.28 kg/ton CO2. However, this increased capital cost by around 60% resulting in CO2 capture costs of $1,691 per ton CO2 for the MEA base scenario. Based on the techno-economic analysis, assuming a non-volatile absorbent rather than MEA thereby avoiding a wash water section, and using an absorption column built from cheaper materials, the estimated cost per ton of CO2 produced was reduced to $676/tCO2. The overall cost range was between $273 and $1,227 per ton of CO2 depending on different economic parameters such as electricity ($20–$200/MWh) and heat price ($2–$20/GJ), plant life (15–25 years) and capital expenditure (±30%). In order to reduce the cost further, the use of innovative cheap gas-liquid contactors that operate at lower liquid to gas ratios is crucial.
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INTRODUCTION

Ongoing use of fossil fuel over the past one and half century led to an increase in the concentration of CO2 in atmosphere from around 280 ppm to just above 400 ppm (Lindsey, 2019). Concerns about the effect of this increase on the global climate resulted in increasing efforts for the development of technologies that enable to remove CO2 directly from atmosphere referred to as Negative Emissions Technologies (McGlashan et al., 2012; McLaren, 2012; Pritchard et al., 2015). Recent studies indicate that in order to prevent the increase of global temperature to about 2°C above the pre-industrial era by the end of this century, the large scale deployment of negative emission technologies is probably required (Gasser et al., 2015).

Among all proposed negative emission technologies (McLaren, 2012; Gasser et al., 2015), the direct capture of CO2 from air (DAC) by physical or chemical processes attracted more attention due to the advantages that this method offers. For instance, DAC technology requires a relatively small area of land and can be located close to the storage/utilization sites or even can be deployed in remote areas where the land is unusable, or on the roofs of buildings in populated cities. It can also provide a larger removal capacity compared to other methods of CO2 removal from atmosphere (Baciocchi et al., 2006). Moreover, DAC was claimed to provide a means for a permanent decrease of CO2 concentration in atmosphere (in fact it can capture 100% of CO2 emission to the atmosphere), for capturing dispersed fugitive emissions, and for direct use in different industries such as beverage, greenhouse, and synthetic fuels production industries (Lackner et al., 1999; Keith, 2009; Lackner, 2009; Krekel et al., 2018).

Several technologies are proposed and investigated in the literature for the direct capture of CO2 from ambient air. Carbon Engineering, Climeworks and Global Thermostat are the three major companies that developed technologies for the large scale capturing of CO2 from air. Carbon Engineering uses a potassium hydroxide solution to capture CO2 and the energy intensive calcination process to regenerate the solvent. On the other hand, the other two companies, Climeworks and Global Thermostat use solid sorbents to capture CO2. They use high temperature and low pressure to regenerate the sorbent. A summary of these studies is shown in Table 1. Based on these studies, DAC is currently considered as an energy-intensive and costly approach for removing CO2 from the atmosphere. However, researchers believe that the high cost and energy consumption in such systems are mostly due to the immaturity of the technology, and hence DAC may be eventually considered as a viable option for removing CO2 from the atmosphere (Field and Mach, 2017; Senftle and Carter, 2017). Further research is under way on different aspects of the process such as the chemistry and stability of liquid and solid sorbents, their effective contact with gas and process modifications in order to reduce the energy requirements and cost of such systems.


Table 1. Major technologies on direct air capture.
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The use of aqueous alkaline sorbents such as NaOH, Ca(OH)2, and KOH, based on the concepts of the conventional MEA absorption process, for the DAC application, was claimed to provide a simpler contact between air and sorbents. It was also anticipated that the system can operate continuously with a very long contactor's lifetime as the absorbing liquid in such systems is not subject to degradation reactions. The high cost for the regeneration of the aqueous solutions and water loss are the main disadvantages of such liquid-based absorption systems (Lackner, 2009; Wang et al., 2011; Keith et al., 2018).

While testing CO2 capture systems at large scale is expensive, process simulation programs such as Aspen Plus have been widely used to evaluate the process configurations and identify the optimum operating conditions. There are a number of studies that used Aspen Plus to model CO2 capture from flue gases in MEA-based absorption processes (Desideri and Paolucci, 1999; Freguia and Rochelle, 2003; Alie et al., 2005; Svendsen and Hoff, 2005; Øi, 2007). However to the best of our knowledge, no such simulation study has been conducted for CO2 capture from air. Such a study is believed to be important as it provides a baseline for the technical and economic performance of DAC technologies that use chemical absorption processes.

In this work, using a rate-based model in Aspen Plus, we conducted a comprehensive analysis on the performance of a conventional MEA-based absorption process for capturing CO2 from air, with particular focus on reducing the thermal and electrical energy consumption and, ultimately, the overall cost. The process performance is evaluated against the various parameters such as air humidity, the CO2 loadings of lean and rich solutions, capture rate and reboiler temperature. As a result, a benchmark condition for DAC technologies that use a chemical absorption process is determined and a parametric techno-economic assessment is conducted for this baseline case study. Further analysis of the study results has resulted in the identification of areas for efficiency improvement and cost reduction.



METHODOLOGY


Process Description

An MEA-based air capture process was designed to capture CO2 from air. Figure 1 shows the representation of the air capture process using a standard stripping process (a) and a cold rich-split process (b).


[image: Figure 1]
FIGURE 1. Representation of the MEA-based air capture process using (A) standard stripping process, (B) rich-split process (Cousins et al., 2012), and (C) a wash water column at top of the absorber.


A conventional packed column was utilized for CO2 absorption using a 30 wt% MEA solution, which is typically used for CO2 capture from flue gas. It is important to note that the CO2 concentration in air is ~300 times lower than that in the flue gas from coal-fired power station. Hence the absorption liquid flow could be much lower than that in a flue gas capture system. However, this would give rise to an extremely low liquid to gas ratio (L/G) that could not be achieved in a traditional packed column. In terms of operability, the process design used a liquid recirculation process in which most of the rich CO2 absorption liquid exiting absorber is pumped to the top of absorber in order to achieve a standard L/G of about 2.5 in the absorber, at a 70% flooding ratio. A small portion of the rich absorption liquid is sent to the desorber for CO2 removal. The regenerated lean absorption liquid from the desorber was cooled and mixed with the absorption liquid exiting the absorber, and fed back to the top of absorber for continuous CO2 absorption. The desorption process can be modified using a cold rich-split configuration, i.e., sending a small portion of cold rich absorption liquid to the top of desorber, as shown in Figure 1B, to reduce the reboiler duty.



Process Simulation

A rigorous, rate-based MEA model developed in Aspen Plus was used to simulate the air capture process. The MEA model has been well-validated in previous work at CSIRO (Li et al., 2016; Jiang et al., 2018) against the pilot plant experimental results and laboratory data and is expected to achieve reliable simulation results for the air capture process. Please refer to the Table 1 in the paper published by Li et al. (2016) for further detail about the MEA model.

A series of simulation activities were undertaken to examine the effect of various technical variables on the reboiler duty and equipment size to determine the optimized conditions for a standard MEA-based air capture process. In this optimization, the aim is to minimize the reboiler duty at any given conditions, for example different capture rates etc. The generic simulation conditions used for the CO2 absorption and desorption are provided in Table 2. Technical parameters, i.e., CO2 capture rate, rich CO2 loading, lean CO2 loading and air relative humidity were varied in the simulations, within the ranges shown in Table 2. The process was simulated based on the production of 148.25 Nm3/h of CO2 from the air (0.291 ton/h at standard conditions). This production size determined by a potential application aiming to produce synthetic methane from the output of a 2.7 MW electrolyser that has around 78% efficiency (593 Nm3/h H2).


Table 2. Conditions for the MEA-based CO2 capture process simulation.
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Once the optimized conditions were determined using the standard absorbent regeneration process, the technical performance was further optimized using the rich-split configuration and the addition of a wash water column (Figure 1C) to the absorber, providing a technical basis for the economic evaluation of the MEA-based air capture process.



Economic Evaluation

With the determination of technical parameters and equipment size of the air capture process, the Aspen Capital Cost Estimator (ACCE) was utilized to estimate the direct costs for the equipment, materials and labor for construction of the air capture plant. The other costings associated with the supportive materials and labor, facilities, engineering, contractors and contingencies for plant construction were estimated based on the direct costs using multiplicative factors. These multiplicative factors were derived from a 2007 report from the Department of Energy, USA (DOE/NETL, 2007) for estimating the capital costs of an early post combustion carbon capture (PCC) plant. The assumptions for capital costs estimation and input data for the air capture process are shown in Table S1. For the costings of plant operation and maintenance, the annual maintenance cost was assumed to be 3% of total capital costs, and 30% of maintenance cost was assumed to be the labor cost (Socolow et al., 2011). The other plant and financial assumptions and economic information for the base case, such as plant capacity, plant life, discount rate, energy price etc. are also provided in Table S1.




RESULTS AND DISCUSSION


Technical Performance

In this section, the effects of various parameters on the air capture process are reported. The heat of regeneration and the size of absorber are mainly discussed as they are often the two major costs in CO2 capture process. It should be mentioned again that this process aims to capture a specific amount of CO2 from air (around 0.291 t/h).


Capture Rate

Here it is assumed that a constant amount of CO2 was produced from ambient air using the MEA-based absorption process as the capture rate of the process varied from 20 to 90%. The simulation results revealed that at a capture rate of 90% the reboiler duty was 21.9 GJ/tCO2, almost double the one required in a process with a capture rate of 20% (Figure 2A). This is due to the fact that at lower capture rates, the rich loading is higher, and this results in a lower relative vaporization heat required in the desorber. The decrease in reboiler duty would reduce the operating cost of the air capture process.


[image: Figure 2]
FIGURE 2. The variation of (A) reboiler duty and (B) the height and diameter of the absorber with capture rate.


Figure 2B shows that the absorption column height required for capturing the specific amount of CO2 in a system with 90% capture rate was almost 6 times greater than that required in a system with 20% capture rate. This is due to the longer contact time between liquid and air required in the system with 90% capture rate. It should be considered that in order to produce a specific amount of CO2 with an air capture system at low capture rate, a significantly larger volume of air needs to be processed. This results in a larger diameter absorption column (Figure 2). This suggests that considering a capture rate of around 50% may be more feasible in terms of cost effectiveness of the air capture process. It should be noted that the optimum capture rate can vary with the economic parameters such as electricity and heat prices. For example, if electricity and heat are available at low cost, the optimum capture rate can be >50%. A summary of operating conditions and results at different capture rates are indicated in Table S2.

An air capture system operating at a low capture rate can also result in an extra number of energy and cost components, such as much higher MEA loss, a more significant circulation rate of rich absorption liquid to the absorber, and a significantly high energy requirement for air movement through the absorption column.



CO2 Loading

The effect of the CO2 loading of lean and rich absorption liquids on the reboiler duty and the size of the absorber were examined at a 50% capture rate. Figure 3A shows that the reboiler duty decreased by about 50% with increasing the lean loading from 0.15 to 0.25. With increasing lean loading, the loading in the recirculation of the absorber increased as well, leading to a lower regeneration duty. Higher rich loadings led to a lower ratio for water vapor to CO2 in the desorber, hence it reduces the heat requirement for vaporization in the desorber. However, as the lean loading and consequently the liquid loading in the absorber recirculation increased, the lower mass transfer driving force led to a taller absorption column. Figure 3B also shows that the column diameter which is mainly dependent on the hydrodynamics of the system expectedly remained unchanged with lean loading. Again, the loss of MEA was significantly higher at higher loadings due to the large volume of air processed. Table S3 lists the simulation's parameter and results for this case study. It is noted that the air humidity of 90% considered in this case changed the results slightly compared to the case when air humidity is 100%.


[image: Figure 3]
FIGURE 3. (A) Reboiler duty and (B) absorber size variations with lean loading.


The effects of CO2 loading of rich absorption liquid on the performance of the process were also investigated. In this set of conditions, a lean loading of 0.2 and a humidity of 100% were used. As evident in Figure 4, the heat of regeneration in the reboiler decreased from 24.1 GJ/tCO2 to about 12.1 GJ/t CO2 with increasing the rich loading from 0.26 to 0.35 mol CO2/mol MEA, which is due to the lower relative vaporization in the desorber at higher rich loadings. As expected, the height of the absorber increased with increasing rich loading.


[image: Figure 4]
FIGURE 4. (A) Reboiler duty and (B) absorber size variations with CO2 loading of rich absorption liquid.




Air Humidity

The effect of humidity of inlet air on the air capture process was also evaluated. This is important as the very large volumes of air that pass through the absorber may lead to high rates of water vaporization, depending on humidity of the inlet air. The results indicate that the reboiler duty decreased from 14.4 GJ/tCO2 to around 9.9 GJ/tCO2 when the relative humidity of air increased from 30 to 90% (Figure 5). In the low humidity cases, a massive amount of water was evaporated, which resulted in an absorption liquid containing a higher concentration of MEA. At the fixed pressure in the desorber, the reboiler temperature and the required heat of regeneration consequently increased. Figure 5 also shows that the water loss was around 13 t/tCO2 when the air relative humidity was 30% while it decreased to 2.5 t/tCO2 when a 90% humid air was used. This suggests that preventing water losses would be beneficial when processing relatively dry air. This could be done by applying appropriate water separation system to recover the lost water. Otherwise, there would be a substantial water supplement for the air capture system, in turn increasing the costs of the air capture process.


[image: Figure 5]
FIGURE 5. (A) Reboiler duty and (B) water loss as a function of the inlet air relative humidity.


The humidity of the inlet air had no effect on the height and diameter of the absorber.



Reboiler Temperature

Next, the effect of reboiler temperature on the performance of the air capture process was examined. A lean loading of 0.2, a rich loading of 0.35 and a capture rate of 50% were considered for this case. Figure 6 shows that the reboiler duty decreased significantly with increasing the reboiler temperature. By increasing the reboiler temperature from 123 to 150°C, the reboiler duty decreased by more than 50%, to around 4.0 GJ/tCO2. The operating conditions and results are given in Table S4. The results indicate the importance of alternative absorption liquids to have a higher resistance to thermal degradation. MEA does not lend itself for regenerator temperatures much higher than higher than 120°C. However, there are other amines and amine formulations such as piperazine that could be used at temperature up to 160°C (Rochelle, 2016).


[image: Figure 6]
FIGURE 6. Reboiler duty at different reboiler temperature.




Benchmark Conditions for the Capture Process

According to the results obtained from the sensitivity analysis shown above, a benchmark condition was selected for the capture of CO2 from air using the MEA absorption process. This point was based on a capture efficiency of 50%, a lean loading and a rich loading of 0.2 and 0.35, respectively, and a reboiler temperature of 123°C. The rich split configuration was used in this case study due to its superior energy performance. A detailed analysis was conducted for this base case scenario, which included determination of thermal and electrical energy requirements in this system. The total electricity consumption for air blowers and liquid pumps was calculated to be 1.452 MWh/tCO2, and the reboiler duty was calculated to be 10.7 GJ/tCO2. The absorber height and diameter were calculated to be 6.3 and 10.4 m, respectively. A wash water section, 10.4 m in diameter and 5 m high, was also added to decrease the evaporative loss of MEA to around 0.28 kg/tCO2 (0.04 ppm in exhaust air) during the absorption process. The desorber dimensions are significantly smaller than the absorber dimensions which reflects the large difference in gas and liquid flow rates. The final simulation results for this base case scenario is indicated in Table 3. The break-down of required electrical energy in this process are also indicated in Table 3.


Table 3. The operating conditions and process simulation results for a base case scenario in the air capture process.
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Economic Performance of the Base Air Capture Process
 
CO2 Capture Cost—Standard Chemical Engineering Design

Using the Aspen Capital Cost Estimator with the base case design specified in Table 3 and standard chemical engineering design specifications, the CO2 capture cost was calculated to be $1,691/ton CO2 for the MEA-based air capture. It should be noted here that this estimation is based on particular capture amount of 0.291 tCO2/h (~2,300 tCO2/year). Considering the economy of scale (Blok and Nieuwlaar, 2017), the cost per ton of CO2 captured will be lower for larger scale systems. Table 4 provides the specific costs of major equipment and total investment costs, the operating expenses and the break-down of CO2-capture costs. Figure 7A provides the distribution of capture costs over capital, operating expenses and energy expenses. The capital constitutes 61% of the CO2 capture cost, followed by 23% for O&M, 9% for electricity consumption with heat consumption being the smallest contribution at 7%. The contribution of electricity and heat to the total cost can be significantly reduced if there would be cheaper sources of electricity and heat available for the process. The sensitivity analysis around different economic parameters including the heat and electricity price will be discussed in the next section.


Table 4. Economic performance of MEA-based air capture. All the costs are on a basis of 1st Qtr 2016 US$.
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FIGURE 7. (A) CO2 capture cost distributions on capital, O&M, electricity and heat, and (B) capital cost distributions of major equipment in the MEA-based air capture.


The total capital costs of the MEA-based air capture process were estimated to be $19.37 million for our benchmark MEA-based air capture process. The washing column ($4.38 million) and absorber ($4.22 million) constituted the largest and the second largest capital item among the total capital investment and accounted for 74% of total capital costs, as shown in Figure 7B. Considering that a water cooling system could be difficult to implement on locations with shortage of water, air cooling was used in the present study for the cooling requirement. Due to the large amount of air requirement to meet the high cooling duty of stripper condenser and the large air flow through absorber for CO2 absorption, the costs of blowers and fans accounted for 14% of total capital costs, being the third largest contribution.

By comparison, the annual costs of O&M and energy, i.e., electricity for blowers and pumps and heat for absorbent regeneration, are lower than the capital costs. The electricity costs ($0.286 million/year) were higher than the heating costs ($0.213 million/year) owing to the large electricity consumption for air transfer through the columns and solution pumping and the high circulation for CO2-absorption and washing. It should be noted here that, in the base case, if less humid air than 100% was used, the added cost due to water evaporation in this process would be up to $4/tCO2, which is still negligible in comparison with other cost components shown in Table 4.

For the base case, a plant life of 20 years, a discount rate of 8%, a capacity factor of 90%, heat price of $10/GJ and electricity price of $100/MWh were considered. A sensitivity analysis shows that with variation of equipment costs in the range of 30%, the CO2 capture cost varied between $1,262 and $2,120/ton CO2, a 34% decrease/increase with the 30% decrease/increase in capital costs. This again suggests that decreasing the process equipment costs would significantly reduce the cost of CO2 capture from air. This can be achieved by three aspects: (1) enhancing mass transfer between absorbent and CO2 through more efficient gas-liquid contacting in order to reduce the equipment size of CO2 absorption, (2) absorbents that have lower evaporation of absorbent (water and amine) to the air in order to minimize the size of equipment for emission control, and (3) seeking cheaper materials for equipment manufacture in order to reduce the equipment costs. In the following section, these elements for reducing the cost of the air capture process will be explored qualitatively.



CO2 Capture Cost—New Design

As described, the wash water section and absorber constitute 45% of total cost in the process, hence using an alternative absorption liquid with low vapor pressure and replacing the packings and absorber materials with cheaper materials can drastically reduce the total cost of the process.

– Use of alternative absorption liquid

Owing to the contact between the large volume of air and the small amount of liquid in the air capture process, MEA is evaporated during the absorption process. As discussed in section Benchmark Conditions for the Capture Process, this necessitates the use of a large wash water section after the CO2 absorber, and hence creates an additional cost to the process. As shown in Figure 7B, 38% of capital cost is related to this wash water section, which in fact constitutes around 25% of total cost of the process.

Amino acid salts solutions have been proven to have a potential for absorbing CO2 with an effectiveness that matches that of MEA (Aronu et al., 2010; Jockenhövel and Schneider, 2011; Ciftja et al., 2013; Guo et al., 2013; Wei et al., 2014; He et al., 2017). These salts do not impose any amine vapor. Based on the assumption that they show the same performance as MEA in the CO2 capture process, if they are used in the air capture process, the need for the wash water section can be eliminated from the process. This will reduce the capital cost of the CO2 capture process from $1,033 to around $640 per ton of CO2. This will also decrease the electrical energy requirement from 1.452 MWh/tCO2 to around 1.03 MWh/tCO2, as the washing water pump is no longer required, and less energy will be required for blowing the air into the absorber. This will reduce the electricity cost from $150 to around $126 per ton of CO2.

– Use of cheap plastic packings

Based on the techno-economic analysis in APS report (Socolow et al., 2011) and details by Carbon Engineering (Holmes and Keith, 2012; Keith et al., 2018), cost of packing materials can be up to one third of the total cost of major equipment. Using the cheap plastic packings as proposed by Carbon Engineering, the cost was reported to be 1/6 of standard stainless steel packings such as Sulzer Mellachevron 250X. Assuming the same cost for Mellapak 250X and Sulzer Mellachevron 250X, this reduces the cost of packings in this process from $1,190,000 to around $198,000. The absorber cost reduction is around 23% from $372/ton of CO2 to around $285/ton of CO2 (another $87 reduction in capital cost to $554 per ton of CO2).

– Use of cheap materials in absorber structure

The cost of the absorber structure was reported to be around $2,300 and $3,700 per inlet area of absorbers (m2) for cooling tower and contactors used in Carbon Engineering's process (Holmes and Keith, 2012), respectively, while based on the APS report (Socolow et al., 2011), the cost for a conventional absorption tower is around $15,800 per inlet area of absorber (m2). This shows that the cost of the absorber using a standard chemical engineering design specification is around 6 times more than the structure used in the cooling towers/Carbon Engineering systems. This means that if the absorption column used in this work is replaced by a cooling tower system, the cost of absorber structure will be reduced by 83% from $30,32,800 to around $505,460. This reduces the absorber cost by another 60% to $62 per ton of CO2 which is close to the number reported by Carbon Engineering. The total capital cost contribution of capturing CO2 from air will be decreased to $317 per ton of CO2. It is assumed that the cheaper absorber equipment materials used are resistant toward to the amino-acid based absorption liquids.

The details of techno economic result based on the new design are given in Table 5. The final cost of capturing CO2 from air is $676/ton of CO2, which is close to the cost reported by Climeworks (Climeworks press release, 2017; Marshall, 2017) ($600/ton of CO2) and in the APS report (Socolow et al., 2011) ($610/ton of CO2).


Table 5. Economic performance of an improved amine-based air capture process.
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Figure 8 shows different cost components of the new liquid-based absorption process that was designed based on new absorption liquids, packings and absorber materials. In this new design, capital investment is still the main contributor to the total cost of the process. Among the major equipment, the cost of blowers and fans for moving the massive amount of air has now become the major part in the capital investment.


[image: Figure 8]
FIGURE 8. (A) CO2 capture cost distributions on capital, O&M, electricity and heat, and (B) capital cost distributions of major equipment in the MEA-based air capture.




Sensitivity Analysis

The parameters used for the base case economic analysis are: 20 year plant life, 8% discount rate, 90% availability factor, $10/GJ heat cost and $100/MWh electricity cost. The effects of various economic parameters, such as plant life, heat and electricity unit cost, discount rate and equipment costs for the air capture process, on the economic performance were analyzed, with the results summarized in Figure 9. With variation of equipment costs in the range of 30%, the CO2 capture cost varied between $545 and $808/ton CO2. The discount rate also has a significant impact on the CO2 capture cost. With a discount rate ranging from 4 to 12%, the cost of CO2 capture ranged from $588 and $876/ton CO2. Here, increasing plant life from 15 to 25 years, the cost of CO2 captured varied by 10%, from $655 to $723/ton CO2.


[image: Figure 9]
FIGURE 9. Effect of economic variables on the CO2 capture cost. The parameters used for the base case are: 20-year plant life, 8% discount rate, 90% capacity factor, $10/GJ heat price and $100/MWh electricity price.


A wide range of electricity prices from $20 to $200/MWh and heat prices from $2 to $20/GJ were considered in this study, providing various possibilities of electricity and heat sources applicable to the air capture process. The CO2 capture cost varied by 39% from $576 to $802/ton CO2 and 34% from $587 to $788/ton CO2, as the prices of electricity ($20-$200/MWh) and heat ($2–$20/GJ) varied by a factor of 10, respectively. The use of zero-carbon energy, e.g., renewables or nuclear, in the air capture process is most likely required to avoid any additional CO2 emission to air due to the energy consumption for the capture process.

Based on a sensitivity analysis on all variables, considering the most desirable and the most undesirable values for various economic parameters, the overall cost of capturing a ton of CO2 ranges from $273 to $1227.




Energy and Cost in Comparison With Other Air Capture Studies

There are only a few studies that reported the required energy and cost for the capture of CO2 from air. Using different technologies such as absorption and adsorption, the required thermal energy for the direct capture of CO2 from air was reported to be almost 4–8 times larger than the required electrical energy. The cost of capturing one ton of CO2 was reported to be between $100–1,000 (Keith et al., 2005, 2018; Heidel et al., 2011; House et al., 2011; Kulkarni and Sholl, 2012). The difference between the ranges reported for capture cost in this study and in literature originates from the fact that both were estimated using different technologies and economic assumptions around interest rates, plant life, electricity price and heat price etc. Figure 10 shows the required electrical and thermal energy and total cost estimated in this work in comparison with the other air capture systems. It should be noted that there is insufficient detail on the energy consumption and cost of the other technologies that are still under development (shown in Table 1).


[image: Figure 10]
FIGURE 10. (A) Energy consumption and (B) total cost reported in different studies for direct air capture processes. Note that $50/tCO2 reported by Global Thermostat was the cost that they anticipated to achieve. No information whether they have achieved this. Also, this work and Carbon Engineering's study reported a range for the cost of the process, based on various economic parameters.


For the baseline case chosen in this study, the thermal energy required is 10.7 GJ/t CO2 which is almost 3 times greater than the required electricity (~1.03 MWh/tCO2). These are significantly larger than those reported in other studies. This is mainly due to different characteristics of this technology compared to others, for example the large recirculation of rich solvent is required here to prevent loading/flooding in the absorption column (it constitutes around 50% of total electricity requirement). Figure 10 also shows that the total cost for capturing one ton of CO2 from air using the new liquid absorption process was estimated to be around $676, in compared with the cost reported by the other researchers using their technologies ($93–232 in CE, $600 in CW, and $50 in GT). This includes $317 and $359 related to capital cost and operating cost, respectively.

As previously indicated in Table 1, the only technology in the market that uses a liquid sorbent for air capture is the one developed and demonstrated by Carbon Engineering, based on sodium hydroxide, with subsequent transfer of CO2 from sodium carbonate to calcium carbonate and CO2 recovery via a calcination process. To compare, our estimated CO2 capture cost is higher than the reported results of $94–232/tCO2 from Carbon Engineering. This is attributed both to the higher capital costs ($255–379/tCO2) and operating cost ($290–$430/tCO2) in our system compared to the costs for Carbon Engineering one (capital: $64-$120/tCO2, the operating cost: $30-$110/tCO2).

The design of the Carbon Engineering gas-liquid contactor reduces the energy requirement and capital costs of blowers and fans. They use a horizontally oriented crossflow cooling tower, resulting in a low pressure drop, while in our study, we considered a vertically counter-current flow packed tower, significantly increasing the energy and capital costs of air movement in our system.

Based on the cost analysis described above, the other areas that can be improved in order to further reduce the capital and operating cost in the air capture system are:

1. If new air-liquid contactor is designed to optimize the contact between the large volume of air and small amount of liquid, this will eliminate the necessity for the large circulation rate/pumping of absorption liquids which consumes 0.54 MWh/tCO2 electricity (around 50% of total electricity requirement) and hence reduce the capital and operating cost. In this case, the electricity cost reported in Table 5 can be reduced by 50% to around $63.

2. Development of new liquid absorbents and applying process modifications. If the reboiler temperature can be increased to 150°C, the absorbent heat requirement will be reduced by 60% to around 4 GJ/tCO2. The cost for heat reported in Table 5 will be therefore reduced by 60% to around $44. This in fact necessitates new absorption liquids that are more stable at high temperature compared with MEA.




CONCLUSION

The technical and economic aspects of a conventional MEA-based absorption process for capturing CO2 directly from air was simulated using a rate-base model in Aspen Plus. A benchmark condition was defined and further explored through a sensitivity analysis involving different parameters. It is concluded that:

– In an air capture system with a low capture rate, the heat required for the regeneration of absorption liquid per ton of captured CO2 is significantly lower. However, a large volume of air needs to be processed and this results in a larger unit and hence a higher capital cost.

– Owing to the very low concentration of CO2 in air, the amount of liquid required for the contact with air would be extremely low. To meet the operational requirement of a conventional packed column, a large liquid circulation around the absorber is required, resulting in a large electricity requirement.

– At the base case scenario, a capture rate of 50% was selected. The reboiler duty was 10.7 GJ/tCO2 and the electrical energy requirement was 1.4 MWh/tCO2. The absorber diameter and height were 10.4 and 4.4 m, respectively and the wash water section was 5 m in height.

– Owing to the large volume of air used in the air capture process, water and MEA losses due to evaporation were quite high. The addition of a wash water section to the absorber can reduce the MEA evaporation significantly down to 0.28 kg/ton of CO2 (0.04 ppm), at the expense of increased capital costs.

– Using the standard chemical engineering design which may not necessarily required for the air capture process, the total estimated cost for this process was around $1,690/ton CO2. The capital cost and operating cost were $1031/ton CO2 and $659/ton CO2, respectively.

– The wash water section and absorber accounted for around 74% of total capital cost of this process. Using an alternative absorption liquid with negligible vapor pressure which allows for the removal of the wash water section, the capital cost will be reduced by $393 per ton of CO2.

– The replacement of stainless steel packing and absorption column materials by cheaper materials like those used in cooling towers reduced the capital cost by another $323 per ton of CO2.

– The techno-economic analysis of the air capture process designed based on the cooling tower technology and non-volatile liquid absorbent showed that the cost for CO2 capture from air was, in the range of US$273 to US$1,227. Around 45% and 55% of this were attributed to the capital cost and operating cost, respectively.

In summary, this study provides an economic baseline for the air capture technologies that aim to use liquid-based capture process. Even though the energy requirement and cost of the baseline for such processes are still high with respect to the current CO2-price, even for the CO2-price in the framework of the Californian Low Carbon Fuel Standard (Low Carbon Fuel Standard, 2020), it is believed that the energy and equipment cost of the liquid-based air capture processes can be significantly reduced when this technology further matures and is scaled up to larger plant sizes. The use of cheap materials and more effective ways of contacting air and absorption liquids, using more robust and economical absorption liquids and innovative process modifications is required to further reduce the cost of this process. Also, if the CO2 captured from atmosphere is utilized to produce synthetic fuels, then the process can be considered more economically favorable.
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