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Abstract 

In recent years, the issue of burning fossil fuels and the resulting carbon dioxide (CO2) emissions have become 

a major concern. Various methods, including the synthesis of dimethyl ether (DME), have been proposed to 

address this issue. DME is considered a clean and sustainable fuel and is being regarded as an alternative to 

fossil fuels that can help reduce the emissions of harmful pollutants. This study assesses the cost of 

coproduction of dimethyl ether and electricity from the CO2 flue gas of power plants. Producing this alternative 

fuel can reduce the power plant’s fuel consumption and environmental impacts while generating electricity. A 

feasibility study was conducted to integrate CO2 recovery and utilization units from the flue gas of power plants 

for the synthesis of DME fuel using economic calculations in both direct and indirect methods. The total capital 

cost of establishing a DME production unit  was 2% higher through the direct method than the indirect method, 

due to the higher cost of equipment. Further, the cost of raw materials and utility was about 19% and 78% 

higher in the direct method than the indirect method, respectively, increasing the annual cost of DME 

production in this method by 52%. 
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1. Introduction 

Over the years, the increase in anthropogenic greenhouse gases (GHG) emissions like carbon dioxide 

(CO2) and methane (CH4) has led to critical global warming and climate change. According to research, 

burning fossil fuels has been responsible for 58% of the world’s total greenhouse gas emissions since 

2014 (Khalili-Garakani et al., 2022). Reports suggest that CO2 emissions in the energy sector must be 

significantly reduced to prevent global temperatures from rising above 1.5 ℃ (Koj et al., 2019; Farooqui 

et al., 2019). It is an undeniable fact that fossil fuels play a crucial role in the electricity generation 

process despite the progress made in the field of renewable energy (Fuss et al., 2014; IPCC, 2014). 

Fossil fuels will be the main source of energy until 2050, but their emissions of dangerous pollutants 

and greenhouse gases, especially CO2, are concerning. Researchers are developing carbon capture and 

storage (CCS) and carbon capture and utilization (CCU) to control these emissions. CCS captures and 

stores CO2 produced by the combustion of fossil fuels in power plants or industrial processes, thereby 

preventing its release into the atmosphere. However, implementing CCS technologies on a large scale 

is limited (Viebahn et al., 2015; Cabral and Mac Dowell, 2017; Al‐Mamoori et al., 2017). According to 

reports, the application of CCS technology in power plants is expensive and reduces efficiency. It is 

reported that 75% of the cost of CCS technology is related to the capture and compression of CO2. 

Recent studies have focused on CCU as an alternative to the CCS method (Saeidi et al., 2014; Gao et 

al., 2023). CCU also produces valuable fuels and chemicals like dimethyl ether (DME), methanol 

(MeOH), and synthesis gas (or syngas) (Zhang et al., 2024; Lotfollahzade Moghaddam et al., 2023; 

Davoudi et al., 2022; Beltermann et al., 2022). One product that has been receiving much attention 

recently is DME, which is being regarded as a clean and sustainable fuel that could potentially replace 

diesel and gasoline. Research suggests that DME produces fewer hazardous pollutants (such as NOx, 

hydrocarbons, carbon monoxide, and soot) compared to diesel and other traditional combustion fuels. 

It also produce no sulfur oxides. Therefore, DME could be a viable alternative synthetic fuel that could 

reduce our dependence on fossil fuels in the future . 

DME synthesis can be divided into two general categories: the two-step or indirect pathway and the 

one-step or direct pathway. In the two-step method, syngas is first converted into methanol, which is 

then dehydrated using catalytic vapor phase to produce DME. On the other hand, in the one-step 

method, syngas is directly converted into DME. The two-step method is a mature process and is 

commonly used in DME commercial production. However, the one-step route has received much 

attention in recent decades due to its greater efficiency and is currently being developed (Peinado et al., 

2024; Ballinger and Adams, 2017) . 

The rate at which syngas is converted to a product depends on the ratio of H2/CO present in the syngas. 

This ratio, in turn, is influenced by the type of feedstock used and the method of syngas production. 

DME can be synthesized directly or indirectly, and in both cases, various feedstocks such as coal, 

biomass, shale, and natural gas are utilized (Mevawala et al., 2019). A study conducted by Trippe et al. 

(2013) analyzed the conversion of lignocellulose biomass to DME by the direct method for producing 

synthetic fuels. However, their findings showed that the cost of fuel production through DME synthesis 

from biomass feedstock was quite high. In contrast, Tomatis et al. (2019) proposed a novel method for 

the direct production of DME that reduces CO2 emissions. The process involves the production of bio-

DME through CO2-enhanced gasification using gumwood feedstock. The evaluation of bio-DME fuel 

produced through this method demonstrated a 20% reduction in environmental impact when compared 

to diesel fuel. 

Furthermore, Larson and Tingji (2003) investigated the process design and cost evaluation of DME 

production through coal liquefaction via direct synthesis method. The liquid fuel is produced by passing 

the synthesis gas, produced through coal liquefaction, through the liquid-phase synthesis reactor. In 
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another way, Larson et al. (2005) examined the production of DME via direct synthesis method using 

biomass gasification to produce clean and alternative DME fuel as well as electricity simultaneously . 

Researchers have explored various methods for producing DME via an indirect pathway. One method 

involved using self-heat recuperation technology, which eliminates the need to add heat to the process. 

This method reduced the process energy consumption by 80% (Kansha et al., 2015). Another study 

evaluated the feasibility of producing DME and methanol renewable fuels by using CO2 produced by 

the fermentation process and hydrogen produced by electrolysis. The results showed that using 

hydrogenation of CO2 instead of fossil fuels reduced GHG emissions by 82%–86% (Matzen and 

Demirel, 2016). 

However, DME production had a greater environmental impact than methanol. Another method 

involved dry reforming of natural gas and converting it to syngas for DME production. This method 

had high CO2 emissions, and electricity was required to compress the syngas (Schakel et al., 2016). A 

new proposed method involves dehumidifying air and producing hydrogen through water electrolysis. 

A nanostructured adsorbent is used to separate CO2 from the dehumidified air, which is then converted 

to methanol through hydrogenation. Finally, DME is produced through methanol dehydration (Olah 

and Aniszfeld, 2008) . 

This study investigates the polygeneration operation for use in future power plants, which, in addition 

to generating electricity and chemicals, reduce CO2 emissions. CO2 from the flue gas of power plants 

and industries or from by-products of chemical processes can be used directly or after chemical 

conversion in carbon compounds for various purposes. Therefore, an efficient process design for the 

simultaneous production of electricity and chemicals is proposed. This approach is to produce DME 

using CO2 from power plant flue gas followed by generating sustainable electricity using DME fuel. 

DME produced in this way can replace the fuel consumed by power plants. As a result, in addition to 

producing alternative fuels and saving power plant fuel consumption, electricity is generated. This study 

investigates the feasibility of integrating the recovery and use of CO2 units from the flue gas of power 

plants and the production of DME fuel using economic calculations . 

2. DME synthesis   
As previously mentioned, the process of producing syngas is a crucial factor that affects the efficiency 

of the DME synthesis process. There are various methods for producing syngas: partial oxidation of 

methane (POM), auto thermal methane reforming (ATR), steam methane reforming (SMR), and dry 

reforming of methane (DRM) (Ayodele and Chen, 2015). Among these approaches, SMR is the most 

commonly used process for producing syngas. In this process, steam and hydrocarbons, such as natural 

gas, react in a reformer at a temperature of 800–900 °C and at a medium pressure (approximately 30 

bar) in the presence of a metal-based catalyst. In some cases, the syngas enters the water–gas shift 

(WGS) reaction to produce more hydrogen, which is a side reaction of the SMR process (Dincer and 

Rosen, 2021; Chen et al., 2020). The H2/CO ratio in the SMR process via natural gas feed is typically 

close to 3.0 (Chibane and Djellouli, 2011). However, the optimal ratio required for methanol production 

is 2.0 (Moncada et al., 2015; Moradi et al., 2008), and it is 1.0 for direct DME production (Nakyai and 

Saebea, 2019; Moncada et al., 2015; Huang et al., 2015). 

In DRM, the reaction between CO2 and methane produces syngas with an H2/CO ratio of approximately 

1.0 (Saad and Williams, 2017; Moncada et al., 2015). DRM is a viable option for DME direct synthesis, 

but hydrogen must be supplied from another source to produce methanol, increasing system complexity 

(Parsapur et al., 2020). Coke formation on the catalyst surface limits the development of DME direct 

synthesis technology (Dadgar et al., 2017). A combination of two methods, namely SMR and DRM, 
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has been proposed to solve existing problems and produce DME with optimal efficiency. This method 

offers the advantage of an adjustable H2/CO ratio, which makes it suitable for both direct and indirect 

methods of DME synthesis. It also helps in reducing CO2 emissions and steam consumption (Parsapur 

et al., 2020). Previous research has investigated the integration of these two methods in two distinct 

manners. Some studies have investigated the combination of two separate SMR and DRM units and 

have then combined the output of these two units based on the appropriate H2/CO ratio, as shown in 

Figure 1a (Rafiee et al., 2019; Michailos et al., 2019; Lim et al., 2012). Several studies have investigated 

the process of bi-reforming of methane (BRM) (Nguyen and Zondervan, 2019; Santos et al., 2015; Olah 

et al., 2013). This process involves using methane, CO2, and steam together in a reforming unit, as 

shown in Figure 1b. Compared to other methods, BRM has an advantage of greatly reducing the 

formation of coke on the catalyst surface and preventing inactivation (Mevawala et al., 2019; Santos et 

al., 2015). Here, the bi-reforming method is used to technically and economically evaluate the direct 

synthesis of DME with CO2. 

In the process of indirect synthesis of DME, CO2 hydrogenation can be utilized in the methanol 

production unit. This can be done along with the hydrogenation of CO, as shown in Figure 1c. In this 

method, syngas is produced through the SMR process during the first stage. Then, CO2 is introduced 

into the methanol production unit to decrease the ratio of H2/CO (Catizzone et al., 2018). According to 

Mevawala et al. (2019), the technical and economic feasibility of using CO2 to produce methanol was 

compared between CO2/steam-mixed reforming and CO2 hydrogenation processes. The findings 

indicated that using CO2 was more cost-effective in CO2/steam-mixed reforming than in the methanol 

production unit through hydrogenation. According to the results, the technical and economic evaluation 

of the indirect method was performed based on CO2/steam-mixed reforming.   

 

Figure 1 

Different configurations of DME production process using CO2  

The planned DME synthesis unit, the flow diagrams of which are shown in Figure 2, consists of five main 

segments: CO2 capture and purification, feed gas desulfurization, reforming, methanol production (in indirect 

method), and DME production. The mechanism of action of these sections will be examined in the following. 
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Two-stage method (indirect) Single-stage method (direct) 

Figure 2 

The flow diagram of the DME production using CO2  
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2.1. CO2 capture and purification 

The process of membrane separation is widely used to capture carbon from gas mixtures. This 

technology is highly efficient for low-to-medium dilution CO2 streams. However, currently, it is not 

possible to achieve CO2 capture streams with a purity above 99.5%, even with a multi-step process 

(Vatopoulos and Tzimas, 2012). Cryogenic separation is another method of capturing and purifying 

CO2, but it can only be used for gas streams with a concentration of more than 90% CO2. By integrating 

these two methods, high-efficiency CO2 separation can be achieved (Ishak and H. Hashim, 2015).  

A study was conducted to evaluate the effectiveness of a two-stage membrane system utilizing the 

cryogenic method for separating CO2 and its application in DME production. The process involves 

cooling the gas stream entering the membrane to the dew point, removing the condensed water, and 

then compressing the gas up to 2.5 bar. This method can achieve a purity of 65% in the output stream 

from the first membrane. The second membrane further purifies the output stream, resulting in a purity 

level of 95%. The next step in the process is to cool the stream that is rich in CO2. If the stream is highly 

concentrated (more than 90%), it needs to be compressed up to 11 bar with a two-stage compressor that 

has intermediate cooling before reaching the economizer unit. The stream is then cooled with water and 

further cooled to –73 °C with an economizer. To achieve proper liquefaction of CO2 and non-frosting 

conditions, the inlet flash pressure is set to 5.7 bar to achieve a partial CO2 pressure of 4.5 bar, which 

is considered a safe pressure value. The gas passes through a valve to reach the minimum required 

pressure for liquefaction. After the gas is heated in the economizer, it is mixed with the output stream 

from the membrane and sent to the expander to produce electricity. The CO2 is then directed to the flash 

unit to remove water and subsequently to the DME synthesis unit. This process yields a purity of 99.8% 

with a trapping ratio of approximately 87%. The integrated design of this system reduces the required 

cold by up to 30.6%, electricity consumption by up to 23.33%, and the total annual cost by 19% 

(Michailos et al., 2019). Hence, we employ this research for the economic evaluation of the CO2 

separation and purification unit.    

2.2. Feed gas desulfurization  

The desulfurization unit is a crucial component in preventing the production of H2S, which can damage 

the catalyst. To this end, an acid gas removal unit can be used after the reforming process (Luyben, 

2017), or a desulfurization unit can be placed ahead of the reforming process. In this case, the 

desulfurization unit is placed before the reforming process, as stated in PEP Report 245A (PEP Report 

245A, 2005). 

2.3. Reforming  

The reforming unit in both direct and indirect methods consist of two parts: pre-reforming and 

reforming. Pre-reforming is used to convert all the C2+ hydrocarbons in the feed natural gas to methane 

using a nickel catalyst at 550 °C and 5 bar. Reforming is used at 900 °C and 5 bar in the RGibbs 

equilibrium reactor. Under such conditions, three reactions, Equations 1–3, can be considered to achieve 

chemical equilibrium, and the reaction rate is very high at this temperature (Zhang et al., 2017). 

𝑆𝑅𝑀: 𝐻2𝑂 + 𝐶𝐻4 ↔ 𝐶𝑂 + 3𝐻2,    ∆𝐻298𝐾 = 206
𝑘𝐽

𝑚𝑜𝑙
                (1) 

𝐶𝐷𝑀: 𝐶𝑂2 + 𝐶𝐻4 ↔ 2𝐶𝑂 + 2𝐻2,    ∆𝐻298𝐾 = 247
𝑘𝐽

𝑚𝑜𝑙
 (2) 
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WGS: CO + H2O ↔ CO2 + H2,      ∆H298K =  −41 
kJ

mol
       (3) 

2.4. Methanol production  

Since the synthesis gas ratio can be controlled by adjusting the two reactions SRM and CDM, the 

synthesis gas produced from these units enters the methanol synthesis reactor without using the 

synthesis gas ratio adjustment unit. The reactor employs a copper-based catalyst to carry out the 

hydrogenation process of CO2 and CO (Din et al., 2019). This process is conducted at a pressure of 80 

bar and a temperature of 250 °C. The reactions that take place in the methanol unit, Equations 4–6, are 

the most crucial ones (Zhang et al., 2018).  

𝐶𝑂2 + 3𝐻2 ↔ 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂,    ∆𝐻298𝐾 = −49.5 𝑘𝐽/𝑚𝑜𝑙   (4) 

𝐶𝑂 + 2𝐻2 ↔ 𝐶𝐻3𝑂𝐻,    ∆𝐻298𝐾 = −90.5 𝑘𝐽/𝑚𝑜𝑙 (5) 

𝐶𝑂2 + 𝐻2 ↔ 𝐶𝑂 + 𝐻2𝑂,    ∆𝐻298𝐾 = 41.2 𝑘𝐽/𝑚𝑜𝑙                         (6) 

Unreacted materials, including synthesis gas, methane, and nitrogen, are released from the top outlet of 

the reactor. The liquid stream from the bottom of the reactor contains methanol, as well as some by-

products such as DME, ethanol, and water. To prevent the buildup of inert gases, a portion of the 

unreacted synthesis gas is discharged and used as fuel gas to reduce natural gas consumption. The 

remaining unreacted gas residue is returned to the methanol synthesis and reforming units to improve 

CO2 conversion and energy efficiency (Zhang et al., 2017). 

2.5. DME production  

2.5.1. Two-stage or indirect method 

The most commonly used technology for producing DME is methanol vapor-phase dehydration, which 

generates heat. The enthalpy of the process at 25 °C is –11770 kJ/kmol. Equation 7 presents the reaction 

that happens in a catalytic fixed-bed reactor in the vapor phase in a temperature range of 200–400 °C 

and a pressure range of 150–250 psig. In the reactor, nearly 80% of the single-pass methanol gets is 

converted (Bai et al., 2013).  

2𝐶𝐻3𝑂𝐻 ↔ 𝐶𝐻3𝑂𝐶𝐻3 + 𝐻2𝑂,    ∆𝐻298𝐾 = −23 𝑘𝐽/𝑚𝑜𝑙                         (7) 

Alumino-silicate or gamma-alumina catalysts modified with phosphates or titanates, which can be in 

the form of pelletized, spheroid, or amorphous, are used in this reaction. The catalysts do not cause any 

side reactions or become inactive at temperatures below 400 °C (Varişli et al., 2009). The heat from the 

reactor is recovered in multiple stages. In the first stage, it preheats the incoming syngas for the 

methanol production unit via the heat exchanger. The cooled gas stream then goes through the flash and 

distillation column to purify the DME. After separating the gas phase, the DME product is separated 

from water and methanol in the first distillation column; the product exits from the top of the column. 

In the second column, water is separated from unused methanol. Methanol is used as fuel, while water 

is sent to the treatment unit to remove small amounts of organic matter (Hankin and Shah, 2017).   
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2.5.2. Single-stage or direct method 

The production of DME occurs in a single step by contacting syngas with a mixture of methanol 

synthesis and dehydration catalysts (Guffanti et al., 2021). The overall reaction for this unit can be 

represented as follows (De Falco et al., 2017): 

3𝐻2 + 3𝐶𝑂 ↔ 𝐶𝐻3𝑂𝐶𝐻3 + 𝐶𝑂2,    ∆𝐻298𝐾 = −258.3 𝑘𝐽/𝑚𝑜𝑙   (8) 

The above reaction comprises three stages: methanol synthesis, dehydration, and water–gas shift 

reaction. These reactions may occur as follows (De Falco et al., 2017):  

2𝐻2 + 𝐶𝑂 ↔ 𝐶𝐻3𝑂𝐻,    ∆𝐻298𝐾 = −90.4 𝑘𝐽/𝑚𝑜𝑙                         (9) 

2𝐶𝐻3𝑂𝐻 ↔ 𝐶𝐻3𝑂𝐶𝐻 + 𝐻2𝑂,    ∆𝐻298𝐾 = −23.0 𝑘𝐽/𝑚𝑜𝑙                         (10) 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2,    ∆𝐻298𝐾 = −41.0 𝑘𝐽/𝑚𝑜𝑙      (11) 

Another reaction that can be used to produce methanol through CO2 hydrogenation is as follows (De 

Falco et al., 2017):  

𝐶𝑂2 + 3𝐻2 ↔ 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂,    ∆𝐻298𝐾 = −49.4 𝑘𝐽/𝑚𝑜𝑙 (12) 

If the water–gas shift reaction, Equation 11, happens at a slow rate due to the stabilization of the catalyst 

properties or reaction conditions, only the methanol reaction occurs, followed by methanol dehydration. 

The final reaction product will consist of DME, methanol, water, CO2, and unreacted syngas. Both 

reactions in Equations 11 and 12 usually occur simultaneously, so some CO2 is formed under 

equilibrium conditions (PEP Report 245A, 2005). As a result of the high temperature generated in the 

reactor, the temperature of the feed gas quickly increases to 280 °C. The majority of the reaction heat 

is utilized to produce steam in the reactor heat transfer tubes. To warm up the syngas, the hot stream 

output from the reactor is employed to convert heat. The final product is then processed through flash, 

adsorbent, and distillation columns to isolate the DME. The pressure of the water and methanol 

separation column is 0.6–1.0 bar, and the temperature is 52 °C at a pressure of 0.6 bar and 64 °C at a 

pressure of 1.0 bar (Turton et al., 2008).  

The DME synthesis catalyst is a mixture of methanol synthesis and dehydration catalysts, consisting of 

copper, zinc, aluminum, or chromium oxides with zinc and copper as the core and gamma-alumina or 

alumina silicate, respectively. There have been different suggestions for how to approach this, but it is 

still unclear which catalyst is typically used on an industrial scale. The reaction takes place in either a 

fixed-bed or a slurry-phase reactor using a combination of copper and alumina-based catalysts. The 

slurry-type reactor is particularly important because it is better at managing the heat generated by the 

reaction. The ideal conditions for the reaction are at a temperature of 250–350 °C and a pressure of 

400–800 psig. The ratio of H2 to CO in syngas can range from 1.0 to 2.0. However, the highest CO + 

H2 conversion is achieved when the syngas ratio is 1.0. The primary obstacle in the development of this 

technology is designing a reliable catalyst and a large-scale commercial slurry reactor (PEP Report 

245A, 2005).   

The main difference between direct and indirect methods is that the direct method does not involve CO2 

recycling, and the DME production part is configured differently. When the H2/CO ratio in a syngas is 

1.0, the DME efficiency is higher, and the equivalent power efficiency is higher compared to other 

processes. At this point, all the syngas converts, and H2 will no longer exist as a by-product. When the 
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ratio of H2/CO is high, the utilization of carbon increases while that of hydrogen decreases. This leads 

to an accumulation of H2 in the recycling loop. However, the thermal efficiency of the process is 

comparatively low due to the requirement of high gas, low DME production, and relatively high-power 

consumption. In comparison to the direct method with a ratio of 1.0, the indirect production process of 

DME has a lower thermal efficiency due to the lower product production (Mevawala et al., 2019).  

The final step of the process involves storing the generated DME in a storage tank. The DME storage 

tank comprises two carbon steel tanks, each with a capacity of 3785.4 m2, which is sufficient to store 6 

days’ worth of DME final product with a capacity of 2500 tons per day. The storage conditions required 

are 31.3 °C and 1000 kPa, ensuring that the DME remains liquid, even with exposure to solar heating 

(Yang et al., 2020). 

2.6. Wastewater 

The wastewater produced during the DME production process contains 99.5% water, 0.5% methanol, 

and a small amount of DME. Bio-treatment is utilized to prevent harmful effects on the environment 

(Yang et al., 2020). The cost of treating DME and methanol from wastewater is approximately $0.33 

per kilogram of organic matter removed by the active algae method (Bîldea et al., 2017), which is not 

taken into consideration in this study.  

3. Methodology 

The processes are described and discussed above. To analyze and compare the two processes, we first 

simulate the flow diagrams (Figure 2) in Aspen Plus version 11 for a capacity of 2500 tons DME per 

day. The following assumptions are considered to simplify the simulation and analysis: 

• The system is in steady-state conditions and thermodynamic equilibrium; 

• All gases are in the ideal state; 

• The temperature is considered constant during the chemical reaction; 

• The heat loss from the components to the atmosphere is neglected; 

The Soave–Redlich–Kwong (SRK) method was chosen for the simulation. Some of the key parameters 

for distillation columns are presented in Table 1, and the kinetic rates are listed in Table 2. Tables 3–6 

illustrate the kinetic parameters needed for simulating the reactors. 

Table 1 

The parameters for distillation columns 

Method  Number of trays Reboiler Condenser 

Direct 

Light gases removal 16 119 °C –51 °C, 682 psia 

DME recovery 32 128 °C 0.6 °C, 682 psia 

Dewatering 37 208 °C 76 °C, 270 psia 

DME purification 35 159 °C 71 °C, 270 psia 

Indirect 

Light gases removal 20 106 °C –42 °C, 300 psia 

DME recovery 35 327 °C 125 °C, 200 psia 

Methanol recovery 50 253 °C 183 °C, 30 psia 
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Table 2 

The kinetic parameters (Beltermann et al., 2022) 

Item Reaction kinetics 

Methanol synthesis 

𝑟1 = 𝑘1.
𝐾𝐶𝑂[𝑓𝐶𝑂𝑓𝐻2

3/2
− 𝑓𝐶𝐻3𝑂𝐻/(𝐾1√𝑓𝐻2

)]

(1 + 𝐾𝐶𝑂𝑓𝐶𝑂 + 𝐾𝐶𝑂2
𝑓𝐶𝑂2

)[√𝑓𝐻2
+ (𝐾𝐻2𝑂/√𝐾𝐻2

)𝑓𝐻2𝑂]
 

𝑟2 = 𝑘2.
𝐾𝐶𝑂2

[𝑓𝐶𝑂2
𝑓𝐻2

− 𝑓𝐻2𝑂𝑓𝐶𝑂/𝐾2]

(1 + 𝐾𝐶𝑂𝑓𝐶𝑂 + 𝐾𝐶𝑂2
𝑓𝐶𝑂2

)[√𝑓𝐻2
+ (𝐾𝐻2𝑂/√𝐾𝐻2

)𝑓𝐻2𝑂]
 

𝑟3 = 𝑘3.
𝐾𝐶𝑂2

[𝑓𝐶𝑂2
𝑓𝐻2

3/2
− 𝑓𝐻2𝑂𝑓𝐶𝐻3𝑂𝐻/(𝑓𝐻2

3/2
𝐾3)]

(1 + 𝐾𝐶𝑂𝑓𝐶𝑂 + 𝐾𝐶𝑂2
𝑓𝐶𝑂2

)[√𝑓𝐻2
+ (𝐾𝐻2𝑂/√𝐾𝐻2

)𝑓𝐻2𝑂]
 

Methanol dehydration 

to DME 
𝑟4 = 𝑘4.

𝐾𝐶𝐻3𝑂𝐻
2 [𝑓𝐶𝐻3𝑂𝐻

2 − 𝑓𝐻2𝑂𝑓𝐶𝐻3𝑂𝐶𝐻3
/𝐾4]

(1 + 2(𝐾𝐶𝐻3𝑂𝐻𝑓𝐶𝐻3𝑂𝐻)
1/2

+ 𝐾𝐻2𝑂𝑓𝐻2𝑂)
4 

Table 3 

The kinetic factors of methanol synthesis reaction 

Reaction 𝒌 𝑬𝒂 (𝑱/𝒎𝒐𝒍 𝒌) 

1 4.0638 × 10−6 [𝑘𝑚𝑜𝑙/𝑘𝑔𝑐𝑎𝑡  𝑠 𝑃𝑎] 11695 

2 9.0421 × 108 [𝑘𝑚𝑜𝑙/𝑘𝑔𝑐𝑎𝑡  𝑠 𝑃𝑎1/2] 112860 

3 1.5188 × 10−33 [𝑘𝑚𝑜𝑙/𝑘𝑔𝑐𝑎𝑡  𝑠 𝑃𝑎] 266010 

Table 4 

The driving force constants of methanol synthesis reaction 

Reaction 
Expression 

𝑲𝟏 
𝑲𝟏 Expression 𝑲𝟐 𝑲𝟐 

1 𝐾𝐶𝑂  [𝑃𝑎−1] 8.3965 × 10−11exp (118270/𝑅𝑇) 𝐾𝐶𝑂/𝐾𝐴 [𝑃𝑎] 3.5408 × 1012exp (19832/𝑅𝑇) 

2 𝐾𝐶𝑂2
 [𝑃𝑎−1] 1.7214 × 10−10exp (81287/𝑅𝑇) 𝐾𝐶𝑂2

/𝐾𝐵  [𝑃𝑎−1] 6.1221 × 10−13exp (125226/𝑅𝑇) 

3 𝐾𝐶𝑂2
 [𝑃𝑎−1] 1.7214 × 10−10exp (81287/𝑅𝑇) 𝐾𝐶𝑂2

/𝐾𝐶  [𝑃𝑎] 2.5813 × 1010exp (26788/𝑅𝑇) 

Table 5 

The adsorption constants of methanol synthesis reaction 

Item Expression 𝑨𝒊 𝑩𝒊 ∏ 𝑪
𝒋

𝒗𝒋
 

1 1 0 0 √𝑓𝐻2
 

2 
𝐾𝐻2𝑂

√𝐾𝐻2

 –26.1568 13842 𝑓𝐻2𝑂 

3 𝐾𝐶𝑂 –23.2006 14225 𝑓𝐶𝑂√𝑓𝐻2
 

4 
𝐾𝐶𝑂𝐾𝐻2𝑂

√𝐾𝐻2

 –49.3574 28067 𝑓𝐶𝑂𝑓𝐻2𝑂 

5 𝐾𝐶𝑂2
 –22.4827 9777 𝑓𝐶𝑂2√𝑓𝐻2

 

6 
𝐾𝐶𝑂2

𝐾𝐻2𝑂

√𝐾𝐻2

 –48.6395 23619 𝑓𝐶𝑂2
𝑓𝐻2𝑂 
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Table 6 

The kinetic parameters of the dehydration of methanol to dimethyl ether 

Parameter Expression 

𝑘4 5.35 × 1013exp (−17280/𝑇) 

𝐾𝐶𝐻3𝑂𝐻 5.39 × 10−4exp (8487/𝑇) 

𝐾𝐻2𝑂 8.47 × 10−2exp (5070/𝑇) 

ln 𝐾4 2037.6/𝑇 − 1.5331 

4. Results and discussion  

This section will discuss the results of the economic evaluation of producing DME from the flue gas of power 

plants in detail. 

4.1. Estimation of total capital investment 

Table 7 lists essential equipment needed for the CO2 purification unit, syngas production unit, and DME 

production unit. This equipment includes heaters, compressors, heat exchangers, pumps, and reactors. The capital 

investment costs for this equipment are shown separately. The cost of the storage tank is also shown separately 

due to its considerable expense. The six-tenths factor rule was used based on reference investment data to 

determine the cost of the equipment (Equation 13) (Turi et al., 2017). These costs were then updated using the 

chemical engineering plant cost index (CEPCI), which is the annual chemical engineering plant cost index, to 

account for any changes in capital investment costs until 2020. 

𝐶 = 𝐶0 (
𝑆

𝑆0
) 𝑓 (13) 

Equation 13 uses the scaling exponent technique to estimate the actual cost of a unit (𝐶) based on data from 

various sources. It takes into account 𝐶0 as the base cost of the unit, and 𝑆 is the unit capacity; 𝑆0 is the base 

capacity of each unit, and 𝑓 is an empirical scaling exponent. The values of 𝐶0, 𝑆0, and 𝑓 are provided elsewhere 

(Mevawala et al., 2019; Michailos et al. 2019). 

Table 8 presents a breakdown of the costs involved in producing DME using direct and indirect methods. The 

costs include working capital (WC), fixed capital investment (FCI), and total capital investment (TCI). Since there 

is no large-scale DME production using these methods, contingency costs have been factored into the estimation 

of indirect costs using a ratio factor of 0.44. TCI is calculated using a ratio estimation method based on the cost 

of essential equipment as defined in Equation 14. The ratio factor used is based on the ratio factors provided for 

the fluid processing plant (Zhang et al., 2017). In Equation 14, the ratio factor for direct, indirect, and working 

capital investment is denoted by 𝑅𝐹𝑖, and i includes all the components listed in Table 8 except the first. The 

investment for the main parts of the delivered equipment is represented by 𝐼𝐸  (Zhang et al., 2017).  

𝑇𝐶𝐼 = 𝐼𝐸 × (1 + ∑ 𝑅𝐹𝑖

𝑛

𝑖=1

) (14) 

Table 7 

List of equipment required to set up a DME production unit 

CO2 capturing Cost (M$) Cost factor Reference 

Heater (He1–He6) 4.70 0.60 Spallina et al. (2016) 

Flash drum (F1–F6) 1.50 0.78 Michailos et al. (2019) 

Compressor (1–4) and expander 80.50 0.79 Albrecht et al. (2017) 
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Heat exchanger (1–4) and economizer 17.25 1.00 Michailos et al. (2019) 

Membrane (1–2) 0.20 1.00 Albrecht et al. (2017) 

Membrane housing (1–2) 1.00 0.70 Albrecht et al. (2017) 

Vpump (1–2) 4.80 1.00 Albrecht et al. (2017) 

Total cost 109.95   

Syngas unit Cost (M$) Cost factor Reference 

Desulfurization 1.71 0.67 Larson et al. (2005) 

Vaporizer 3.85 0.54 Michailos et al. (2019) 

Feed effluent heat exchanger (HX1, Hx2) 24.09 0.60 Michailos et al. (2019) 

Heater (H1, H2) 3.41 0.60 Mevawala et al. (2019) 

Pre-reformer 0.46 0.75 Mevawala et al. (2019) 

Reformer 23.65 0.60 Mevawala et al. (2019) 

Flash drum 0.28 0.60 Mevawala et al. (2019) 

Cooler (C1) 1.57 0.60 Michailos et al. (2019) 

Total cost 59.02   

DME unit (two stage) Cost (M$) Cost factor Reference 

Syngas compressor a 15.4 0.67 Mevawala et al. (2019) 

Heater (H3) 1.76 0.60 Mevawala et al. (2019) 

Methanol reactor c 27.92 0.65 Mevawala et al. (2019) 

Cooler (C2–C6) 12.32 0.60 Mevawala et al. (2019) 

Flash drum (methanol and DME) 0.48 0.60 Mevawala et al. (2019) 

DME reactor 4.55 0.65 Larson et al. (2005) 

Stripper column (light gas, DME, and 

methanol) 
3.41 0.60 Luyben (2017) 

Stripper condensers (E1–E3) 0.66 0.60 Luyben (2017) 

Stripper condenser drums (V1–V3) 0.22 0.60 Luyben (2017) 

Stripper reboiler (R1–R3) 0.77 0.60 Luyben (2017) 

Stripper reflux pump (1–3) 0.11 0.60 Luyben (2017) 

Total cost 67.61   

DME unit (single stage) Cost (M$) Cost factor Reference 

Syngas compressor 13.91 0.67 Mevawala et al. (2019) 

Heat exchanger (HX3, HX4) 23.30 0.60 Michailos et al. (2019) 

Cooler (C2–C7) 13.44  Mevawala et al. (2019) 

DME reactor 4.14 0.65 Larson et al. (2005) 

Flash drum (DME) 4.14 0.60 Mevawala et al. (2019) 

Stripper column (light gas, DME, 

dewatering, and methanol) 
8.40 0.67 Luyben (2017) 

Stripper condensers (E1–E4) 1.65 0.67 Luyben (2017) 

Stripper condenser drum (V1–V4) 0.70 0.67 Luyben (2017) 

Stripper reboiler (R1–R4) 1.84 0.67 Luyben (2017) 

Stripper reflux pump (1–4) 2.00 0.67 Luyben (2017) 

Total cost 73.52   

Storage tank 20.40   
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Table 8 

Fixed, working, and total capital investment of DME production unit by direct and indirect methods 

Direct cost Ratio factor Single stage (M$) Two stages (M$) 

Purchased equipment (delivered) 1.00 262.89 256.97 

Purchased equipment installation 0.47 123.56 120.78 

Instrumentation and controls 0.36 94.64 92.51 

Piping 0.68 178.76 174.74 

Electrical systems 0.11 28.92 28.27 

Buildings (including services) 0.18 47.32 46.25 

Yard improvement 0.10 26.29 25.70 

Service facilities 0.70 184.02 179.88 

Total direct cost 3.60 946.39 925.10 

Indirect cost    

Engineering and supervision 0.33 86.75 84.80 

Construction expenses 0.41 107.78 105.36 

Legal expenses 0.04 10.52 10.28 

Contractor’s fee 0.22 57.83 56.53 

Contingency 0.44 115.67 113.07 

Total indirect costs 1.44 378.55 370.04 

Working capital (WC) 0.89 233.97 228.70 

Fixed capital investment (FCI)  1,324.94 1,295.13 

Total capital investment (TCI) 5.93 1,558.91 1,523.84 

4.2. Operating costs 

4.2.1. Raw materials 

The production of DME requires natural gas and catalysts. Table 9 presents the amount and cost of each 

raw material for both DME production methods (PEP Report 245A, 2005).  

Table 9 

Consuming raw materials of direct and indirect methods for DME production 

Raw material Unit cost 
Single stage (consumption per 

lb) 

Two stages (consumption per 

lb) 

Natural gas 0.3 $/MMBTU 0.0186 MMBTU 0.01705 MMBTU 

lb/lb catalyst - 0.8 
0.7 (methanol) 

0.9 (DME) 

Total cost ($/kg) - 0.0168 0.0141 

4.2.2. Utility 

The utility includes cooling water, electricity, and natural gas; the consumption and cost of the utility 

are calculated based on PEP Report 245A (PEP Report 245A, 2005) in both methods for DME 

production.  
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Table 10 

The utility of direct and indirect methods for DME production 

Utility Unit cost 
Single stage (consumption per 

kg) 

Two stages (consumption per 

kg) 

cooling water 0.00058$/Liter 145 L 83.3 L 

Electricity 0.01525 $/kWh 0.322231 kWh 0.114 kWh 

Natural gas 0.3 $/MMBTU 258 kcal 256 kcal 

Total cost ($/kg) - 0.0893 0.05004 

4.3. Product cost estimation 

The labor required for this production unit can be calculated using Equation 15 (Turton et al., 2008). 

To this end, 3 working shifts with 25 operators and 2 supervisors were considered in this study based 

on previous research (Mevawala et al., 2019; Luyben, 2017). The cost of wastewater treatment was 

excluded from the calculation of the total production cost due to the minimal amount of effluent.  

𝑁𝑂𝐿 = (6.29 + 31.7𝑃2 + 0.23𝑁𝑛𝑝)
0.5

 (15) 

where 𝑁𝑂𝐿 is the number of operators per shift; 𝑃 indicates the number of processing steps related to 

particulate solids such as transport and distribution, particle size control, and particle removal; 𝑁𝑛𝑝 

denotes the number of non-particulate processing steps, including compression, heating and cooling, 

mixing, and reaction. In general, 𝑃 is considered zero herein, and 𝑁𝑛𝑝 is obtained using Equation 16. 

𝑁𝑛𝑝 = ∑ 𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡𝑠
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟𝑠

𝑡𝑜𝑤𝑒𝑟𝑠
𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑠

ℎ𝑒𝑎𝑡𝑟𝑠
𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟𝑠

                 

(16) 

Figure 3 displays a breakdown of equipment costs for different parts of the DME production process. 

This includes the cost of the final product storage tank and equipment related to the production of 

methanol for the indirect method. The direct method involves several heat exchangers to recover heat 

from the output stream and increases the number of pure DME columns, resulting in a 2% increase in 

equipment costs compared to the indirect method. In both methods, the CO2 production and purification 

units constitute the largest percentage of equipment costs. Specifically, the syngas production unit, 

DME production, and storage tank account for 22%, 28%, and 8% of total equipment costs in the direct 

method, and 23%, 26%, and 8% in the indirect method.  

Based on Figure 4, the total capital investment required to establish a DME production unit is 2% higher 

using the direct method than the indirect method due to the increased cost of equipment. In both 

methods, most of the capital is associated with direct costs, which are detailed in the table. The working 

capital constitutes roughly 15% of the TCI. According to PEP Report 245A (2005) and calculations 

based on the desired production capacity, the cost of raw materials and utilities is approximately 19% 

and 78% higher in the direct method than the indirect method, respectively. This leads to a 52% increase 

in the annual cost of direct DME production in comparison to the indirect method (Figure 5). In both 

methods, about 80% of the annual manufacturing cost is related to the direct costs presented in Table 

11. 
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(b) 

 
(a) 

Figure 3 

The equipment cost of DME production process: (a) direct or one-stage (b) indirect or two-stage method  

 

Figure 4 

The total capital investment required to set up a DME production unit with single- and two-stage processes  

Table 11 

Annual manufacturing cost of DME by direct and indirect methods 

Direct manufacturing costs  Single stage Two stages 

1. Raw material ($/year) RM 504,000 423,000 

2. Waste treatment WT 0 0 

3. Utilities ($/year) UT 2,679,000 1,501,200 

4. Operating labor ($/year) OL 226,224 226,224 

5. Direct supervisory and clerical labor 0.18 OL 40,720.32 40,720.32 

6. Maintenance and repairs 0.06 FCI 79.50 77.71 

7. Operating 0.009 FCI 11.92 11.66 
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Direct manufacturing costs  Single stage Two stages 

8. Laboratory charges 0.15 OL 33,933.6 33,933.6 

9. Patents and royalties 0.03 OM 0.03OM 0.03OM 

Total direct cost  3,614,488.71 2,309,064.34 

Fixed manufacturing costs    

1. Depreciation 0.1 FCI 132.50 129.51 

2. Total taxes and insurance 0.032 FCI 42.40 41.44 

3. Plant overhead costs 0.7 OL + 0.036 FCI 158,404.50 158,403.42 

Total fixed manufacturing cost  158,579.39 158,574.38 

General manufacturing expenses    

1. Administration 0.177OL+ 0.009FCI 40,053.57 40,053.30 

2. Distributing and selling cost 0.11 OM 478,571.01 307,622.55 

3. Research and development 0.05OM 217,532.28 139,828.43 

Total general manufacturing cost ($)  736,156.86 487,504.28 

Total manufacturing cost (OM) ($/year)  4,509,224.96 2,955,143.00 

Total manufacturing cost ($/ton)  150.31 98.50 

 

 

Figure 5 

Total manufacturing cost of DME production using single- and two-stage methods 
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Figure 6 

Total capital investment and total manufacturing cost for different production capacities  

The variation of TCI and OM for different production capacities are presented in Figure 6. The changes 

in TCI are the same for both methods, and the values are near. However, the manufacturing cost of the 

indirect method has lower values in all capacities. Also, the manufacturing cost decreases in both 

methods by increasing the capacity.  

5. Conclusions 

This study conducted an economic evaluation to compare the single- and two-stage methods of DME 

production unit using CO2 from power plant flue gas. The study compared the fixed costs and DME 

production costs and arrived at the following results. The direct method of DME production has a 2% 

higher equipment cost compared to the indirect method due to the presence of heat exchangers and an 

increase in the number of pure DME columns. The highest cost of equipment in both methods is 

attributed to the production unit and the purification of CO2. The production unit of syngas is 1% more 

expensive in the indirect method than in the direct method. On the other hand, the production unit of 

DME is about 2% more costly in the direct method than in the indirect method. This means that the cost 

of capital required to set up a DME production unit is about 2% higher in the direct method than the 

indirect method. Additionally, the cost of raw materials is about 19% higher in the direct method than 

in the indirect method, while the cost of utilities is about 78% higher in the direct method. Consequently, 

the annual cost of DME production increases by 52% in the direct method compared to the indirect 

method. It is evident from these results that the indirect method is more cost-effective. This technology 

not only generates electricity and chemicals but also reduces CO2 emissions. Therefore, it can be 

employed in power plants to lower costs and prevent harmful CO2 emissions into the environment. 

Nomenclature 

ATR Auto thermal methane reforming 

CCS Carbon capture and storage 

CCU Carbon capture and utilization 

CDM Catalytic decomposition of methane 
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CEPCI Chemical engineering plant cost index 

DME Dimethyl ether 

DRM Dry reforming of methane 

FCI Fixed capital investment 

GHG  Greenhouse gases 

OL Operating labor cost 

OM Total manufacturing cost 

POM Partial oxidation of methane 

RM Raw material cost 

SMR Steam methane reforming 

SRK Soave–Redlich–Kwong 

TCI Total capital investment 

UT Utility cost 

WC Working capital 

WGS Water–gas shift 

WT Waste treatment cost 
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