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Abstract 

Among available modes for transport of captured CO2, pressurised pipelines are generally preferred for long distances 

and attract the most attention. However, limitations such as the high capital expenditure and implementation time have 

introduced more focus on the emerging marine transportation of CO2 especially for offshore transport. This more 

flexible mode of CO2 transport requires the liquefaction of CO2 before shipping This study investigates liquefaction 

systems for CO2 ship transport with different feed streams representative of three different types of capture routes 

(pre-combustion, post-combustion, and oxyfuel) and four industries (cement plant, iron and steel industry, power 

plant, and refinery) at delivery pressure 7 bar and 15 bar. The methodology results in various liquefaction routes 

configured using Aspen Plus process simulations, showing that the purities of CO2 products reach 99% after the 

liquefaction process in all the cases. The refinery case at the 15 bar delivery pressure presents the lowest levelised 

cost of $16.01/tCO2.  
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1. Introduction 

Climate change is an imminent and pressing global issue that is commonly associated with excessive carbon 

dioxide (CO2) emissions from fossil fuels. Due to the excess of CO2 in the atmosphere, the greenhouse effect is 

amplified, increasing the earth’s temperature and contributing to global warming. The rapid increase in CO2 levels is 

mainly due to human activities and emissions from industries. According to the International Energy Agency [1], the 

majority of CO2 emissions originate from industry (28%), electricity (26%), transportation (23%), and other sources. 

Therefore, it is vital to mitigate climate change and achieve the target emission rates set by The Paris Agreement [2]. 

The fundamental goal behind this agreement is to limit the rise in global temperature to 2°C and further reduce it to 

1.5°C by reducing greenhouse gas emissions. It is international scientific consensus that global net human-caused 

emissions of CO2 need to fall by about 45% from 2010 levels by 2030, reaching net zero around 2050 [3]. Carbon 

Capture and Storage (CCS) technology is considered one of the effective strategies to mitigate climate change in the 

short term [4]. 

CCS technology is a combination of CO2 separating, transporting, and storing CO2 underground. It presents one of 

the leading technologies for the large-scale decarbonisation of the global energy system and can be applied to power 
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plants, the iron and steel industry, as well as the high CO2-emitting cement production plants [6-9]. Whereas CCS 

technology has been developed recently to aggregate CO2 captured at different facilities, one of the major barriers to 

the wide deployment of CCS is given by the deployment of large-scale CO2 transportation connecting sources and 

sinks. More attention should be paid to the transport step and to the analysis of the cost of supply chains. 

Among available modes of transport, pressurised pipelines are generally preferred for long distances and, hence 

the focus of most attention. However, limitations such as the high capital expenditure and implementation time 

introduce more focus on the emerging marine transportation of CO2, especially during offshore transport. This more 

flexible mode of CO2 transport requires the liquefaction of CO2 before being shipped, as shown in Fig. 1. However, 

the liquefaction process demands large amounts of energy due to the massive volume of CO2 needed to be liquified. 

Moreover, given the impact of impurities on CO2 transportation, many studies focus on purifying the CO2 stream 

economically [10-16]. The liquefaction procedure prior to transportation can reduce the levels of impurities to a certain 

extent and can also be coupled with other purification processes on an as-needed basis. 

 

Fig. 1. CCS chain with shipping between two harbours. 

This study focuses on identifying cost-effective routes for the CO2 liquefaction process in shipping transportation. 

A parametric study on liquefaction and delivery pressures is also carried out by comparing the liquefaction costs. 

Furthermore, the impact of impurities in the CO2 stream on liquefaction costs is also investigated by comparing 

simulations of CO2 liquefaction between a pure CO2 stream and multiple scenarios of CO2 streams with different 

compositions of impurities from different capture sources. The techno-economic analysis will be done as a basis for 

gauging the performance of the liquefaction system throughout the simulations done by using Aspen Plus in the 

process design of the liquefaction system and in investigating the impacts of impurities on the process.  

 

2. Methodology 

2.1. Flowsheet of the liquefaction system 

The flowsheet of the liquefaction process is shown in Fig. 2. The FEED stream containing water as an impurity 

must first pass through a dehydration unit equipped with molecular sieves. At the compression part, the CO2 feed 

stream goes through a 3-stage compression process to be compressed to the liquefaction pressure of 19.7 bar 

(stream 7). Then, stream 7 is mixed with the recycled stream 17 at B7. Some condensable impurities like water are 

separated at B8. The liquefaction process is done at heat exchanger B9, where CO2-rich stream 10 is liquefied to 

stream 11 and then some non-condensable impurities are separated at B22, flowing out of the process in stream 

IMPURITY. The pressure of the CO2 product drops at B23 to the delivery pressure and after the separate B24, the 

liquefied CO2 is in stream LIQUID for delivery. Ammonia is used as the refrigerant in the refrigeration part. From 

stream 18 to stream 24, the ammonia goes through a 3-stage compression process, reaching 14 bar at stream 24. Then, 

the pressure and temperature drop through the Joule-Thompson effect reaching around –25 °C at stream 32 to liquefy 

CO2. In the recycle part, the vapour fraction of CO2 from B24 is compressed to 19.7 bar again to mix with the 

compressed feed stream 7. Fig. 3 is the CO2 phase diagram with the CO2 state of the key streams of the flowsheet. 

Electronic copy available at: https://ssrn.com/abstract=5070786



 GHGT-17 Wang et al.   3 

 

Fig. 2. Flowsheet of the liquefaction process. Red line: CO2 main stream; Blue line: refrigeration stream; Green line: CO2 recycle stream. 

 

Fig. 3. CO2 phase diagram with the CO2 state of the key streams of the flowsheet. Orange line: pure CO2 case whose delivery pressure is at 

15 bar; Blue line: pure CO2 case whose delivery pressure is at 7 bar. Point a–b: 3-stage compression process; b–c: liquefaction process; c–d and 

c–e: pressure drops to delivery pressure. 

2.2. CO2 feed stream  

Three impurity cases using three different capture methods are selected as feed streams: (1) Case 1 using pre-

combustion method [17]; (2) Case 2 using post-combustion method [18]; (3) Case 3 using Oxyfuel method [19]. The 

composition of each case is presented below in Table 2.1.  

Another four impurity cases from different industries are selected as feed streams based on previous studies: (1) 

Case 4 from a cement plant [20]; (2) Case 5 from the iron and steel industry [21]; (3) Case 6 from a power plant [22]; 

(4) Case 7 from a refinery [23]. The composition of each case is presented below in Table 2.2. Case 8 is the pure CO2 

stream for comparison purposes. 
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Table 2.1. Composition of the feed stream in Cases 1-3. 

Capture method Pre-combustion Post-combustion Oxyfuel 

CO2 [%] 98.42 95.87 97.40 

N2 [%] 0.44 0.02 1.50 

Ar [%] 0.09 - - 

H2O [%] - 4.11 - 

O2 [%] - 0.001 1.10 

CH3OH [%] 0.57 - - 

H2 [%] 0.45 - - 

CO [%] 0.03 - - 

H2S [%] 0.0005 - - 

SO2 [%] - 0.001 - 

Table 2.2. Composition of the feed stream in Cases 4-7. 

Industries Cement Iron and steel Power plant Refinery 

CO2 [%] 96.86 98.79 95.02 95.0 

N2 [%] 0.11 0.09 0.40 0.2 

H2O [%] 3.00 1.08 1.22 4.8 

O2 [%] 0.03 0.04 3.36 - 

2.3. Delivery Pressure 

The delivery pressures can have an impact on the purity of the CO2 to be transported. 7 bar and 15 bar, referred to 

as low pressure and medium pressure, are selected as delivery pressure in this study. 

2.4. Cost calculation methodology 

Since all the simulations are done by Aspen Plus, the Aspen Process Economic Analyzer is used to obtain the 

CAPEX and OPEX. The CAPEX includes equipment purchase, labour, installation and material costs. The OPEX is 

calculated based on the hot and cold utility in the process. The tool estimates the CAPEX and OPEX in each simulation 

and these values will be the basis for the overall cost calculation.  

The levelised cost is considered as the performance indicator, where the unit of the value is dollars per ton of 

liquefied CO2 for delivery. The equation to calculate the levelised cost is shown below: 

 

𝐿𝑒𝑣𝑒𝑙𝑖𝑠𝑒𝑑 𝑐𝑜𝑠𝑡 =

𝐶𝐴𝑃𝐸𝑋

𝑃𝑙𝑎𝑛𝑡 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
+𝑂𝑃𝐸𝑋

𝐴𝑛𝑛𝑢𝑎𝑙 𝑙𝑖𝑞𝑢𝑒𝑓𝑖𝑒𝑑 𝐶𝑂2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
                    (1) 

 

Where the plant lifetime is assumed to be 25 years for all the industries and the plant is assumed to run non-stop 

for 25 years. The annual liquefied CO2 produced can be calculated from the flow rates of the CO2 product stream. 

3. Results and discussions  

3.1. CO2 product composition 

The composition of the CO2 product streams of Cases 1-3 and Case 8 for both delivery pressures is recorded from 

Aspen Plus stream results, as shown in Table 3.1. The composition of the feed stream of each case is added in Fig. 3 
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and Fig. 4 to show the difference in the composition of the CO2 and impurities between the feed stream and the product 

stream. 

Table 3.1. Composition of CO2 production streams in Cases 1-3 and Case 8. 

 Pre-7 Pre-15 Post-7 Post-15 Oxy-7 Oxy-15 Pure-7 Pure-15 

CO2 [%] 99.35 99.23 99.98 99.98 99.92 99.75 100 100 

N2 [%] 0.01 0.10 0.02 0.02 0.02 0.08 - - 

Ar [%] 0.01 0.04 - - - - - - 

H2O [%] - - 0.00 0.00 - - - - 

O2 [%] - - 0.001 0.001 0.06 0.17 - - 

CH3OH [%] 0.63 0.62 - - - - - - 

H2 [%] 0.00 0.01 - - - - - - 

CO [%] 0.00 0.00 - - - - - - 

H2S [%] 0.00 0.00 - - - - - - 

SO2 [%] - - 0.001 0.001 - - - - 

 

Fig. 4 shows the CO2 composition of the feed stream and product stream in each case. The CO2 composition 

increases in the product stream after the liquefaction process, which is over 99% in all cases. Considering the delivery 

pressure in the three different capture method cases, the CO2 composition is slightly higher when the delivery pressure 

is at 7 bar. This is because after the pressure drops to the delivery pressure at the valve, the composition of CO2 is 

higher in the liquid phase, while in the vapour phase, the composition of impurities becomes higher and goes on 

another circle.  

Fig. 5 presents the composition of different impurities in Cases 1-3. The composition of most impurities is lower 

after the liquefaction process in the product stream except CH3OH, H2S and SO2 because the capability to remove 

CH3OH in the purge stream is insufficient so it will accumulate in each circle and the composition in the product 

stream is a little bit higher compared to the feed stream.  

 

 

 

Fig. 4. CO2 composition of the product stream in Cases 1 to 3 and Case 8. Orange column: feed stream; Blue column: product stream at 7 bar; 

Gray column: product stream at 15 bar. 
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Fig. 5. Impurities composition of the feed streams and the product streams in (a) Case 1; (b) Case 2; (c) Case 3. Orange column: feed stream; 

Blue column: product stream at 7 bar; Gray column: product stream at 15 bar. 

Similarly, the CO2 product stream composition of cases 4 to 7 is shown in Table 3.2. In order to compare the 

difference in the composition of CO2 and impurities between the feed stream and the product stream, the composition 

of the feed stream is added to Fig. 5 and Fig. 6 below. 

Table 3.2. Composition of CO2 production streams in Cases 4-7. 

 Cement-7 Cement-15 Iron-7 Iron-15 Power-7 Power-15 Refinery-7 Refinery-15 

CO2 [%] 99.93 99.86 99.93 99.87 99.80 99.31 99.95 99.79 

N2 [%] 0.03 0.11 0.04 0.09 0.01 0.03 0.05 0.21 

H2O [%] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

O2 [%] 0.02 0.03 0.03 0.04 0.19 0.66 - - 

 

  

Fig. 6. CO2 composition of the feed stream and the product stream in Cases 4-7. Orange column: feed stream; Blue column: product stream at 

7 bar; Gray column: product stream at 15 bar. 
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Fig. 7. Impurities composition of the feed stream and the product stream in (a) Case 4; (b) Case 5; (c) Case 6; (d) Case 7. Orange column: feed 

stream; Blue column: product stream at 7 bar; Gray column: product stream at 15 bar. 

 

Fig. 6 shows the CO2 composition in the product stream from 4 different industries. CO2 composition increases 

after the liquefaction process in each case, reaching 99%.  

The composition of impurities in the product stream from 4 different industries is presented in Fig. 7. The 

composition of water as an impurity drops obviously in every case, while the removal of some other impurities in 

some cases is not apparent because of the relatively low level of the impurities in the feed stream.  

Given the requirement for impurities to be at very low levels for shipping, a purification process is essential to meet 

the shipping specifications. For instance, distillation effectively reduces most impurities. 

3.2. Annual production of CO2 

Since the composition of impurities is different, the mass flow rates of the purge stream are different and hence 

differ from each other. Moreover, the composition of the CO2 in the product stream is different. The annual production 

of CO2 in each case has some differences. It can be calculated from the mass flow rates of the CO2 product stream and 

the composition of CO2.  

The mass flow rates and annual production of CO2 are shown in Table 3.3 below. The performances in terms of 

annual CO2 production in the cement plant, iron and steel industry and refinery cases is very close to the results of the 

pure CO2, while Case 3, which chooses oxyfuel as the capture method, has the lowest annual CO2 production. This is 

related to the composition of the CO2 in the feed stream of each case because the flow rates of the feed stream in all 

cases are identical.  
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Table 3.3. The mass flow rates and annual production of CO2 in all cases. 

 Mass flow rates (kg/h) Annual CO2 production (Mt/yr) 

Pre-7 1.23×105 1.08 

Pre-15 1.24×105 1.09 

Post-7 1.32×105 1.16 

Post-15 1.32×105 1.16 

Oxy-7 1.03×105 0.91 

Oxy-15 1.05×105 0.92 

Cement-7 1.32×105 1.15 

Cement-15 1.33×105 1.16 

Iron-7 1.33×105 1.16 

Iron-15 1.34×105 1.17 

Power-7 1.04×105 0.91 

Power-15 1.07×105 0.94 

Refinery-7 1.30×105 1.14 

Refinery-15 1.31×105 1.15 

Pure-7 1.34×105 1.18 

Pure-15 1.34×105 1.18 

 

3.3. Levelised cost 

The CAPEX and OPEX for all 8 cases were obtained from the Aspen Process Economic Analyzer after simulations 

using Aspen Plus. The results and levelised cost are shown below in Table 3.4. 

Table 3.4. CAPEX, OPEX and levelised cost in all Cases. 

 CAPEX (M$) OPEX (M$) CO2 production (Mt/yr) levelised cost ($/tCO2) 

Pre-7 33.32 17.57 1.08 17.54 

Pre-15 30.72 16.52 1.09 16.28 

Post-7 35.91 18.21 1.16 16.33 

Post-15 34.17 17.52 1.16 16.33 

Oxy-7 34.41 16.45 0.91 19.70 

Oxy-15 33.87 15.91 0.92 18.77 

Cement-7 36.82 18.32 1.16 17.12 

Cement-15 35.68 17.33 1.16 16.14 

Iron-7 36.32 18.86 1.17 17.40 

Iron-15 36.08 17.91 1.17 16.52 

Power-7 33.22 17.57 0.91 20.72 

Power-15 32.71 16.87 0.94 19.34 

Refinery-7 36.25 18.29 1.14 17.29 

Refinery-15 35.10 17.06 1.15 16.01 

Pure-7 37.73 17.84 1.18 16.44 

Pure-15 34.41 16.67 1.18 15.34 
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Fig. 8. CAPEX, OPEX in all Cases. 

 

Fig. 9. Levelised cost in all Cases. 

 

According to Table 3.4 and Fig. 8, Fig. 9, for all the cases, it is observed that the CAPEX values range from 30 to 

38 million dollars per annum while the range of the OPEX values is from 15 to 19 million dollars per annum. Since 

the annual CO2 production rate differs from case to case and from one delivery pressure to another, the CAPEX and 

OPEX cannot reflect the performance of the liquefaction process. The levelised cost, considered as a performance 

indicator, ranges from 15 to 21 dollars per ton of CO2. Pure CO2 has the lowest annualized cost because of the high 

CO2 production. For all the cases, comparison between different delivery pressures, the annualized cost at 15 bar is 

lower than at 7 bar in the liquefaction process, because more energy will be used to recompress the recirculated vapour 

from delivery pressure to the liquefaction pressure in the recirculation parts. The levelised cost of the post-combustion 

cases ($16.33/tCO2 at 7 bar and at 15 bar) are closer to the pure CO2 case ($16.44/tCO2 at 7 bar and $15.34/tCO2 at 

15 bar), which means the liquefaction performance of the post-combustion cases are the best in all the cases. Oxyfuel 

cases ($19.70/tCO2 at 7 bar and $18.77/tCO2 at 15 bar) and power plant cases ($20.72/tCO2 at 7 bar and $19.34/tCO2 

at 15 bar) have relatively high levelised costs because of the relatively low production of CO2 per year and the oxygen 

composition of the feed stream is relatively high in both cases. 
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4. Conclusions 

The liquefaction process of feed streams with different compositions of CO2 was simulated by Aspen Plus and 

analysed for CO2 product composition, annual production of CO2, and levelised cost. Different levels and types of 

impurities have an impact on the performance of the liquefaction system.  

For all selected cases, the CO2 composition of the CO2 production stream reaches 99%. Comparing delivery 

pressures of 7 bar and 15 bar, the CO2 composition in the product stream is slightly higher at 7 bar, while the annual 

CO2 production is greater at 15 bar. Additionally, both CAPEX and OPEX are lower at 15 bar, resulting in a reduced 

levelised cost and overall economic advantage at the higher delivery pressure. Excluding the pure CO2 case, which is 

included for comparison, the refinery case at 15 bar achieves the lowest levelised cost ($16.01/tCO2), while the power 

plant case at 7 bar has the highest ($20.72/tCO2). 
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