
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


공학박사 학위논문 

 

CCS용 액화 CO2 수송선박의 

재액화 사이클에 관한 연구 

 

Study on Re-liquefaction Cycle 

of Liquefied CO2 Transport Ship for CCS 

 

2015년 8월 

 

 

 

서울대학교 대학원 

기계항공공학부 

전 상 희 

 



i 

 

Abstract 

Study on Re-liquefaction Cycle of Liquefied CO2 

Transport Ship for CCS 

 

Jeon Sang Hee 

Department of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

In the present study, the selection method of compressors for re-

liquefaction cycle of dedicated LCO2 transport ship was investigated by 

computational method. The performance of the same compression ratio (SCR) 

method which was generally used exhibited low levels of efficiency and 

reliability as for coefficient of performance (COP) and compressor discharge 

temperature in terms of oil degradation compared to that of Intermediate 

pressure optimization (IPO). Of the three methods to be investigated in the 

present study, IPO produced the highest level of performance of all, but could 

not guarantee compressor reliability as like SCR, too. Intermediate pressure 

optimization with same discharge temperature (IPODT) method which was 
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suggested in the present study was found to be better in terms of reliability 

with a decrease in performance of only 5% relative to that obtained by IPO. 

Consequently, it can be recommended the use of the IPODT method for the 

design of a multi-stage compression system for the re-liquefaction cycle of an 

LCO2 transport ship. 

In the stored LCO2, there exist other components like N2, O2, Ar, H2O, 

SOx and NOx depending on the separation method, conversion of fuel, 

stoichiometric combustion, etc. Dependent on transportation and storage 

specifications, some of these components should be removed before being 

loaded to the ship. However, after conditioning process, small amounts of 

them still remain in the liquefied CO2, and it will influence the characteristics 

of the re-liquefaction cycle in terms of performance and reliability. In the 

present study, the effects of representative impurities of N2 and O2 on the re-

liquefaction cycle of LCO2 transport ship were investigated by simulation. 

Cycle performance in terms of COP reduced as the cooling capacity decreased 

and the work of compression increased compared to the pure CO2 condition. 

In the same composition of impurities with CO2, the mixture with nitrogen 

showed worse performance than that with oxygen. Moreover, impurities 

raised the discharge pressures considerably. However, impurities didn’t tend 

to raise the risk of reliability of compressors caused by high discharge 
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temperatures. 

Lastly, case study was conducted on the application of the re-liquefaction 

cycle for the 10MW power generation plant. For designing the LCO2 transport 

ship, exact calculation of BOR which means heat generation is most important. 

In the present study, quantitative study was conducted under the conditions of 

required cooling capacity and BOR inferred from commercialized LNG ships. 

It was assumed that total emitted CO2 is liquefied, stored temporarily in the 

storage tank on land, transported by LCO2 transport ship periodically between 

South Korea and Middle East for EOR and EGR. 
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Chapter 1. Introduction 

 

1.1 Background of the study 

Nowadays, it is generally accepted that climate change is a result of 

greenhouse gas emissions, as a result, leading researchers have proposed that 

the use of carbon capture and sequestration (CCS) technologies as a key 

means of solving the climate change problem. CCS means the process of 

capturing carbon dioxide from large point sources such as power plants, 

transporting it to a sequestration site, and depositing it into normally 

underground geological formation. The aim is to prevent the release of large 

amount of CO2 into the atmosphere. 

The latest major report from the International Energy Agency (IEA) on 

the future of global energy systems continued to demonstrate that CCS would 

be vital if the world would be to limit global temperature increase (IEA 

(2014a)). Figure 1.1 shows the conceptual diagram of CCS. According to this 

report, CCS will play a critical role in achieving the 2DS (2 Degree Scenario) 

which means the sustainable energy system of reduced greenhouse gas and 

CO2 emissions, consistent with meeting global climate agreements to limit 
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temperature increase below 2°C by 2050. Figure 1.2(a) shows the carbon 

intensity according to the 
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Fig. 1.1 Conceptual diagram of CCS  
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(a) Pathways of ESCII (Energy Sector Carbon Intensity Index) 

 

 

(b) Energy mixes in 2050 according to the low carbonation 

scenarios 

 

Fig. 1.2 Prediction of the future global warming according to the scenarios of 

the ETP 2014 (IEA (2014)) 
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scenarios from 2DS to 6DS. From Fig. 1.2(b), it can be known that CCS will 

be important as the used amount of fossil fuel in order to meet carbon 

intensity index by 2050. In another report, IEA emphasized that the 

deployment of CCS in both power and industry would be critical to address 

climate change (IEA, 2014b)). However, CCS is advancing slowly, due to 

high costs and lack of political and financial commitment. Until now, few 

positive major developments have been seen, and policies necessary to 

facilitate the transition from demonstration to deployment have been still 

largely missing. Recently, to bring valuable experience, a few large-scale CCS 

projects are likely to come on line to treat large amount of CO2 in the 

stationery point sources like power plants, industries, etc. Figure 1.3 shows 

the global large-scale integrated CCS projects for industrial sector and year. 

From this figure, it can be known that power generation industry dominates 

the large-scale integrated CCS projects.As of August 2013, there were 65 

identified large–scale integrated CCS projects in the world including operated, 

executed and planned (Global CCS Institute (2013)). 

Among the techniques of CCS, great attention has been paid attention to 

the enhanced oil recovery (EOR) and the enhanced gas recovery (EGR) in the 

view of economic sense and large handling capacity as shown in Fig 1.4. To 

process large amounts of captured CO2, enhanced oil recovery (EOR) and  
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Fig. 1.3 Global industrial sector and year of large-scale integrated CCS 

projects (Global CCS Institute (2013)) 
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Fig. 1.4 Concept of EOR(Enhanced Oil Recovery) by CO2 
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enhanced gas recovery (EGR) have come to be regarded as possible solutions. 

By injecting CO2 into depleted oil and gas wells (i.e., re-pressurization), the 

pressure of the well would be increased up to a level that would make 

production viable once again, with the oil and gas being easily forced out of 

the well by the CO2 (i.e., displacement). Generally, the lifecycles of oil and 

gas fields are characterized by three main stages: primary, secondary, and 

tertiary. During the primary recovery stage (i.e., natural depletion of the 

reservoir pressure), the lifecycle is generally short and the recovery rate does 

not exceed 20% in most cases. During secondary recovery, an additional 

recovery rate of 15% to 25% is achieved, through the injection of water or gas, 

either naturally or artificially. Therefore, the overall combined recovery rate 

of the primary and secondary stages is between 35% and 45%. This, however, 

can be enhanced by a further 20% by tertiary recovery (EOR and EGR, etc.). 

In the end of 2013, four large-scale CCS projects were in operation and had 

captured and stored approximately 55 MtCO2 in total. In addition, four large-

scale enhanced oil recovery (EOR) projects that demonstrated elements of 

CO2 capture, transport and storage entered operation in 2013, bringing the 

number of projects using anthropogenic CO2 for EOR to eight. Construction 

of nine large-scale projects with combined potential to capture and store an 

additional 14 MtCO2 per year by 2016 is proceeding in Australia, Canada, 
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Saudi Arabia, the United Arab Emirates, and the United States. Additional 15 

projects are in advanced stages of planning; if built, they could contribute an 

additional 29 MtCO2 per year. Of these 36 projects, 28 are in OECD countries. 

In the 2DS in 2025, OECD countries contribute only one-third of the CO2 

captured – additional demonstrations will be thus needed in non-OECD 

countries. In the 2DS, 226 MtCO2 per year will be captured and stored by 

2025, which means that the rate of capture and storage must increase by two 

orders of magnitude in the next decade to achieve 2DS targets. 

After capturing CO2 in the large-scale integrated carbon capture plants, 

safely and reliably transporting it from where it is captured to a storage site is 

an important stage in the CCS process for EOG and EGR. Because the sites of 

capture and sequestration are usually located far from each other, the means of 

transportation is necessary such as pipeline or ship. Transportation of CO2 by 

pipelines, trucks, trains, and ships is already a reality, occurring daily in many 

parts of the world. Regarding the CCS process, the capture and sequestration 

phases have been studied most, since the transportation aspect is regarded as 

being the least technically challenging. For transportation, pipelines and ships 

offer different advantages depending on the volume to be transported, the 

distance, and the need for flexibility. Combustion leads to the production of 

many gaseous components in addition to the CO2, with these other gases 



 

10 

 

differing depending on whether the type is pre- or post-combustion, etc. For 

ship-based transportation, most of the volatile material must be removed to 

avoid the formation of dry ice in the liquid CO2. For pipeline-based 

transportation, the removal of these components is not so critical, but doing so 

would make sense from an economic point of view (Aspelund & Jordal 

(2007)). Figure 1.5 shows the comparison of ship and pipeline transport on the 

CCS chain. 

It is known that pipeline is preferable in case of short distance, and 

expected that it will be responsible for transporting most of CO2 now and for 

ever. As shown in Fig. 1.6, IPCC showed that break-even distance that the 

costs were the same is in the range between 1,000 km and 1,500 km for 

transporting 6 million tonnes yearly (IPCC (2005)). However, the choice can 

be restricted in accordance with geographical condition. If there is no land on 

the way to the sequestration site, ship will be preferable in spite of short 

distance. As the volume of liquefied CO2 is about 1/600 that of gaseous CO2 

under normal conditions, substantially more liquefied CO2 can be loaded onto 

a CO2 carrier ship, in much the same way as with LNG and LPG transport 

ships. In response to the demand for such ships, Korean shipbuilding 

companies have been studying the design of liquefied CO2 (LCO2) carrier 

vessels (Yoo et. al. (2011)).
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Fig. 1.5 Comparison of ship and pipeline transport on the CCS chain 
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Fig. 1.6 Transportation cost of CO2 according to distance (IPCC (2005)) 
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Nowdays, transportation by ship has received attention more and more, 

particularly in regions where there is limited access to nearby CO2 storage 

reservoirs. As for the ship, there are two types of transportations as 

compressed and liquefied. Liquefied CO2 transportation has disadvanteous 

aspects that the large use of energy for liquefaction and re-liquefaction, BOG 

treatmenet, the risk of hydrate formation, etc. Nevertheless, it is preferrable 

due to its cargo containing efficiency from high density and the safey from 

low pressure. In March 2013, Chiyoda, in partnership with the University of 

Tokyo, completed a study on the shipping of CO2 as shown in Fig. 1.7. The 

project looked at using shuttle-ships with an individual capacity of 3,000 

tonnes to transport liquefied CO2 to offshore storage facilities over distances 

ranging from 200 km to 1,600 km. The researchers considered common 

industry practices for transporting liquid CO2, and incorporated sites where 

CO2 storage in Japan is likely to be pursued for a demonstration of CCS 

(Chiyoda, (2013)). The objectives of this study were to demonstrate the 

technical and economic feasibility of the liquefied CO2 shuttle tanker 

equipped with injection facilities. Three active large-scale integrated CCS 

projects are currently considering shipping their CO2 to offshore storage 

locations. These include the two CCS projects developed by the Korean 
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Electric Power Corporation, and the Dongguan Taiyangzhou IGCC with CCS 

Project in the Chinese province of Guangdong. 



 

15 

 

 

(a) Shuttle Ship and Socket Buoy 

 

 

(b) CO2 shuttle shipping application 

 

Fig. 1.7 Concept of shuttle in study of Chiyoda (Chiyoda (2013)) 
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Several European projects around the North Sea are considering CO2 ships as 

a secondary transport option, but the main focus is on offshore pipeline. 

Figure 1.8 shows the conceptual design of liquefied CO2 transport ship. 

In the ship, the storage room should be divided by a few separate tanks to 

prevent it from the fracture by the motion of ship, and an indivisual tank has 

the shape of “bi-lobe” to store maximum CO2 under the given pressure. 

During the voyage of liquefied CO2 transport ship, BOG will be generated by 

the transferred heat and the energy from ship rolling, and this BOG should be 

controlled by the methods like re-liquefaction or adsorption, elsewhere the 

storage tank would be broken caused by the pressure increase. For re-

liquefaction of BOG, refrigeration system should be equipped within the ship 

including extra refrigerant storage tank such as LPG or ammonia prepared for 

leak or other emergencies, and the amount of this refrigerant required for 

make-up is not negligible, to the extent that it could easily lead to 

inefficiencies in the CO2 cargo containment. If, however, the BOG could itself 

be used as a refrigerant in the re-liquefaction system, the cargo containment 

efficiency of an LCO2 transport ship could be increased. Figure 1.9 shows 

schematic diagram of “open” CO2 re-liquefaction cycle, which means that the 

boil-off CO2 gas being produced from the CO2 storage tank as a result of the 

penetration of atmospheric 
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Fig. 1.8 Conceptual design of LCO2 transport ship 
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Fig. 1.9 Schematic representation of “open” CO2 re-liquefaction cycle for liquefied CO2 transport ship 
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heat and the rolling of the ship is injected directly into the re-liquefaction 

cycle, and then compressed, cooled, and expanded in the cycle before being 

piped back into the tank. 

When a re-liquefaction system is adopted for an LCO2 transport ship, the 

carrying capacity of the LCO2 falls with the increase in the total weight of the 

equipment, including the compressor, intercooler, tank of refrigerant for 

emergencies, and other auxiliaries. Because of this, small size and lightness 

are very important factors for ship-borne designs, in contrast with systems 

constructed on land. In the present study, optimization of the re-liquefaction 

cycle was studied in terms of compression system which is most important in 

compactness of the system. 

In the CO2 feed stream, there exist other components except for CO2, 

depending on the separation method, conversion of fuel, stoichiometric 

combustion, etc. Moreover, when CO2 is used for EOR or EGR, it is known 

that the specification should be more stringent, because immiscible 

components may increase the miscible pressure in the reservoir and thereby 

decrease the efficiency of oil recovery and CO2 sequestration. It means that 

the CO2 for EOR and EGR will be conditioned well basically, however, just 

small amount of impurities can change the characteristics of the re-

liquefaction cycle on the voyage. In the present study, the effects of impurities 
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on the re-liquefaction cycle of LCO2 transport ship was inverstigated in terms 

of performace and reliabiliy. 
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1.2 Literature survey 

Open re-liquefaction cycle of liquefied CO2 transport ship is operated 

similar to the CO2 vapor compression systems for. As a refrigerant, R-744 of 

CO2 has the characteristics as shown in Table 1.1. CO2 is a non-flammable 

natural refrigerant with no ODP (Ozone Depletion Potential) and a negligible 

GWP (Global Warming Potential). Its vapor pressure is much higher and its 

volumetric refrigeration capacity (22,545 kJ/m3 at 0°C) is 3–10 times larger 

than CFC, HCFC, HFC and HC refrigerants. The critical pressure and 

temperature of CO2 are 7.38 MPa (73.8 bar) and 31.1°C, respectively, and it is 

not possible to transfer heat to the ambient above this critical temperature by 

condensation as in the conventional vapor compression cycle. This heat 

transfer process (gas cooling) above the critical point results in the 

transcritical cycle, i.e. with subcritical low-side and supercritical high-side 

pressure (for a single-stage cycle). The high-side pressure and temperature in 

the supercritical region are not coupled and can be regulated independently to 

get the optimum operating condition. As may be observed from the phase 

diagram of CO2, the temperature and pressure for the triple point are -56.6°C 

and 0.52 MPa, respectively, and the saturation pressure at 0°C is 3.5 MPa. The 

reduced pressure at 0°C for CO2 is 0.47, which is much higher than those for 

the conventional fluids. Owing to the low critical temperature and high-
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reduced pressure of CO2, the low-side conditions will be much closer to the 

critical point than with conventional refrigerants. 

Due to the harmful effects of the synthetic refrigerants on the 

environment, CO2 has been revived as a potential refrigerant since 1990s. Due 

to low critical temperature of CO2, the gas cooler is operated above the critical 

pressure and the evaporator is operated below that; hence the cycle is called as 

transcritical cycle. Along with eco-friendliness, CO2 systems have various 

advantages over conventional systems such as, compatibility with normal 

lubricants and common machine construction materials, non-flammability and 

non-toxicity, greatly reduced compression ratio, easy availability, high 

volumetric refrigerant capacity, and excellent heat transfer properties. 

However, the major disadvantage of CO2 cycle is lower COP due to huge 

expansion loss compared to conventional refrigerants (Sarkar et al., (2005)) 

and hence the cycle needs modifications. 

There are several reasons for modifying the basic single-stage 

transcritical cycle, including improvement of COP, capacity enhancement for 

a given system and component size, adaptation of the heat rejection 

temperature profile to given requirements and keeping the pressure ratio and 

discharge temperature of the compressor within limit. In principle, a large 
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number of possible modifications are possible, including staging of 

compression and expansion,
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Table 1.1 Characteristics of CO2 as refrigerant compared to those of widely used 

 R-12 R-22 R-134a R-407C R-410a R-717 R-290 R-744 

ODP/GWPa 1/8500 0.05/1700 0/1300 0/1600 0/1900 0/0 0/3 0/1 

Flammability/toxicity N/N N/N N/N N/N N/N Y/Y Y/N N/N 

Molecular mass [kg/kmol] 120.9 86.5 102.0 86.2 72.6 17.0 44.1 44.0 

Normal boiling point 29.8 40.8 26.2 43.8 52.6 33.3 42.1 78.4 

Critical pressure [MPa] 4.11 4.97 4.07 4.64 4.79 11.42 4.25 7.38 

Critical temperature [°C] 112.0 96.0 101.1 86.1 70.2 133.0 96.7 31.1 

Reduced pressure [MPa]b 0.07 0.10 0.07 0.11 0.16 0.04 0.11 0.47 

Reduced temperature[°C]c 0.71 0.74 0.73 0.76 0.79 0.67 0.74 0.90 

Refrigeration capacity [kJ/m3]d 2734 4356 2868 4029 6763 4382 3907 22545 

First commercial use as a 

refrigerant 
1931 1936 1990 1998 1998 1859  1869 

a Global warming potential in relation to 100 years integration time, from IPCC 
b Ratio of saturation pressure at 0 8C to critical pressure. 
c Ratio of 273.15 K (0°C) to critical temperature in Kelvin. 
d Volumetric refrigeration capacity at 0°C. 
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splitting of flows, use of internal heat exchange, and work generating 

expansion instead of throttling. Lorentzen (1994) outlined several modified 

cycles including two-stage internal ‘subcooling’ and expander options to 

show how the old refrigerant CO2, which has been completely abandoned for 

more than 40 years and nearly forgotten, can actually be used to advantage in 

properly designed systems. Within last 15 years, so many researches have 

been carried out on several cycle modifications such as the use of internal heat 

exchanger, expansion turbine, multi-staging, two-phase ejector, vortex tube 

and parallel compression economization. Groll & Kim (2007) recently 

reviewed various CO2 cycle modifications and compared the COP 

improvement. Sarkar (2010) compared various CO2 refrigeration cycle 

modifications: IHX, turbine, two-stage, etc., and showed that the optimum 

high pressure can be reduced by about 6.5% with a two-stage cycle, relative to 

a single-stage cycle, from the viewpoint of the maximum COP. Yang et al. 

(2007) compared single- and two-stage CO2 refrigeration cycles with and 

without an expander at an evaporation temperature of 5°C and a gas cooler 

exit temperature of 40°C. They showed that the maximum COP of a two-stage 

cycle could be increased by 44.58% relative to that of a single-stage cycle. As 

for CCS, Aspelund et al. (2006) showed that the large-scale liquefaction of 

CO2 is best achieved in an open cycle, using the CO2 feed as refrigerant where 
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the refrigeration is partly or fully provided by the feed gas itself. In open cycle 

of liquefaction and re-liquefaction plant, the CO2 feed is first compressed in 

stages to a pressure higher than the transport pressure. The CO2 is cooled by 

ambient air or water after each compressor stage. 

However, there has been few studies about the application of open CO2 

re-liquefaction cycle for the LCO2 transport ship. In case of re-liquefaction 

cycle for the ship, refrigeration cycle should be optimized for compactness 

and lightness considering performance and reliability, etc., because the space 

and weight are limited. Many researchers showed that COP of CO2 

refrigeration cycle is influenced mainly by high pressure, and there is 

optimum high side pressure to maximize performance as for COP. Pettersen 

and Skaugen (1994) presented results of their investigations on the operation 

of transcritical CO2 refrigeration cycles. They also made use of a simulation 

model to determine the optimum high pressure for different conditions. Kauf 

(1999) showed that the optimum high pressure can easily be determined for 

different operating conditions as a function of the refrigerant temperature at 

the gas cooler outlet with a simulation. And, he showed that the main 

influence on the optimum high pressure is the ambient temperature and the 

temperature of the refrigerant at the gas cooler outlet respectively. Kim et al. 

(2004) explained that the high-side pressure regulation can be applied to 
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maintain the COP at its maximum and/or to regulate the cooling or heating 

capacity. They also explained that the optimum pressure increases steadily as 

outlet temperature of gas cooler is raised, and the influence from varying 

evaporating temperature is quite small. This optimum high pressure is 

important for the ship due to the limit of space and load compared to that of 

the land. Accordingly, by the optimization process including optimum high 

pressure, compactness and lightness can be achieved. 

In the CO2 feed stream, there exist other components like N2, O2, Ar, 

H2O, SOx and NOx depending on the separation method, conversion of fuel, 

stoichiometric combustion, etc. After liquefaction and conditioning, small 

amount of impurities will remain in the LCO2 storage tank and influence 

negative effects on the performance and reliability on the re-liquefaction cycle. 

As for impurities, volatiles like nitrogen or argon will usually not account for 

any safety or operational problems for the pipeline transport process or the 

final storage. However, as transport is both energy and cost intensive it makes 

little sense to process and transport the volatiles. If not removed, it is known 

that 1 mol% of nitrogen will increase energy requirement and CAPEX 

(Capital expenditure) / OPEX (Operational expenditure) in the transport chain 

with approximately 1% as it will need roughly the same compression work 

and occupy an equal percent of the pipeline. Hence, the purity in pipeline 
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transport is determined by technical and economical evaluations as there also 

is an energy and capital penalty for removing unwanted components. In ship 

transport near the triple point, however, most volatiles must be removed to 

avoid dry ice formation during liquefaction or transport, meaning that there is 

less room for economic evaluations here in the optimization of the CO2 

processing. In case used for EOR, it is known that the specifications should be 

more stringent as immiscible components may increase the miscible pressure 

in the reservoir and thereby decrease the efficiency of the CO2. Furthermore, 

oxygen may cause precipitation reactions and thereby reduce the permeability 

of the reservoir. Also, oxygen reacting exothermally with oil may lead to 

overheating at the injection point. 

Accordingly, there is an increasing awareness of the removal of 

impurities of water and volatile gases other than gaseous CO2 in the CCS 

chain. In particular, gas conditioning of CO2 rich gases emerging from oxy-

fuel combustion of coal have emerged in recent years (White et al. (2006); 

Oryshchyn et al., (2006)). In different transport alternatives of pipeline or ship, 

the purities of gas conditioning should be considered. The requirements of the 

CO2 may vary depending on the chosen transport alternative, and also 

depending on the terminal point of the transported CO2 (EOR or long-term 

storage). Requirements on the CO2 quality are defined by the requirements 
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from CO2 transport, storage, environmental regulations and costs. There are 

generally no big technical barriers to provide high purity of the captured CO2, 

however high purity requirements are likely to induce additional costs and 

energy requirements resulting in a loss of power plant output and efficiency. 

The key issue is to economically reduce the concentration of other compounds 

than CO2 in the captured stream to acceptable levels for transport and storage 

and to meet given environmental and legal requirements.  

In the CO2 feed stream, there exist many components except for CO2 

depending on the separation method, conversion of fuel, stoichiometric 

combustion, etc. Kvamsdal et al. (2007) investigated nine different concepts 

for natural gas fired power plants with CO2 capture, and a comparison is made 

based on net plant efficiency and emission of CO2. The cycles are one post-

combustion, six oxy-fuel and two pre-combustion capture concepts. From the 

study, gas quality, pressure and temperature from the various capture process 

was derived as shown in Table 1.2. However, those are not the only possible 

results but will depend on the details of the capture process configuration. 

Most of these impurities will not cause any safety or operational 

problems, however, it can raise the possibility of inefficiency in pipeline and 

ship transport. Moreover, when CO2 is used for EOR, the specification may be 

more stringent as immiscible components may increase the miscible pressure 
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in the reservoir and thereby decrease the efficiency of oil recovery and CO2 

sequestration. Steeneveldt et al. (2006) suggested that specification below 300 

ppm for 
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Table 1.2 Gas quality (mol%), pressure and temperature from the various capture processes (Kvamsdal et al. (2007)) 

Type 
CO

2 

H

2O 

H

2 

C

O 

N

2 
O2 

C

H4 

A

r 

P

(bar) 

T

(°C) 

Amine 

(post-combustion) 

94.

39 

5

.61 
0 0 0 

Tr

aces 
0 0 

1

.01 

3

5 

ATR 

(pre-combustion with amine) 
98.21 1.79 0 0 0 0 0 0 1.01 16 

Water cycle (WC) 59.74 32.84 0 0.01 2.81 1.00 0 3.59 0.045 13 

S-Graz 61.65 30.90 0 0 2.91 0.85 0 3.69 1.01 337 

Oxyfuel CC 93.82 4.16 0 0 0.28 1.38 0 0.35 1.01 30 

SOFC + GT 35.90 63.84 0 0 0.26 0 0 0 1.01 439 

AZEP HP 35.90 63.84 0 0 0.26 0 0 0 15.38 248 

AZEP LP 35.90 63.84 0 0 0.26 0 0 0 1.01 111 

CLC 34.66 65.06 0 0 0.28 0 0 0 1.01 415 

MSR-H2 HP 62.44 35.49 0.92 0.57 0.45 0 0.12 0 63.94 578 

MSR-H2 LP 62.44 35.49 0.92 0.57 0.45 0 0.12 0 1.04 98 
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nitrogen and 50 ppm for oxygen is required for EOR, therefore, it should be 

taken into account the additional cost for reaching such stringent 

specifications. Because the impurities of nitrogen and oxygen have lower 

boiling points than that of CO2, the composition of them within BOG is more 

than total composition. Accordingly, it can be guessed that the impurities in 

the BOG state will affect the characteristics of the re-liquefaction cycle. 

  



 

33 

 

1.3 Objectives and scopes 

Until now, there has been few researches about open re-liquefaction 

cycle for LCO2 transport ship. In the future, it is anticipated that the needs for 

transporting CO2 by ship will increase to send it from developed countries to 

those of oil and gas producing. The objectives of the present study is to 

investigate about re-liquefaction cycle of LCO2 transport ship on the voyage 

and the effects of impurities. 

In chapter two, the available methods for selecting the compressors for 

the multi-stage compression cycle of an LCO2 transport ship were 

investigated by simulation, in terms of the COP and reliability, as determined 

by the compressor discharge temperature. 

In chapter three, the effects of impurities on the re-liquefaction cycle of 

liquefied CO2 transport ship were investigated in terms of performance and 

reliability by simulation 

In chapter four, quantitative study about BOG handling system was 

conducted with assuming the conditions of 10MW power plant and inter-

continental transportation to the Middle East for EOR and EGR. 

In chapter five, conclusions are given along with the brief summarization 

of the results. 
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Chapter 2. Compression System Optimization 

 

2.1 Introduction 

Liquefied CO2 transport ship must be equipped the facilities to treat the 

boil-off gas (BOG) which is generated by atmospheric heat as well as the 

rolling of the ship. BOG should be processed by methods such as re-

liquefaction or adsorption, otherwise the LCO2 storage tanks could be 

damaged by an increase in the pressure inside the tank. For BOG re-

liquefaction, refrigeration system – cargo handling system - should be 

equipped in the ship including extra refrigerant to be used for replenishment 

in the case of any leaks or other emergencies. Usually, ammonia or LPG is 

used as the refrigerant for the BOG handling process, and the amount of 

refrigerant required for make-up is not negligible, to the extent that it could 

easily lead to inefficiencies in the CO2 cargo containment. If, however, the 

BOG could itself be used as a refrigerant in the re-liquefaction system, the 

cargo containment efficiency of an LCO2 transport ship could be increased. 

For LCO2 transport ship, it is widely accepted that the storage 

temperature would be within the range of –20°C to –50°C, as shown in Fig 
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2.1. The density of the saturated liquid at –50°C (1154.6 kg/m3) is about 12% 

more than that at  

 

 

 

 

 

 

 

 

Fig. 2.1 Employable range of CO2 liquefaction and transportation for CCS 
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–20°C (1031.7 kg/m3), which means that 12% more cargo can be transported 

at –50°C than at –20°C. On the other hand, as the temperature is lowered, the 

amount of power consumed for the liquefaction and the possibility of dry ice 

formation both increase. Thus, an optimal storage temperature should be 

selected in view of the total cost of liquefaction, re-liquefaction, transportation, 

etc. To date, no widely accepted standard conditions have been established for 

LCO2 transport ships. This should be done because doing so would allow the 

development of the process equipment required for the capture to 

sequestration phases, including that needed for liquefaction and re-

liquefaction. Among them, a standard storage temperature must be established 

to enable the design of the liquefaction/re-liquefaction process, storage tanks, 

and other related components. Especially, the storage pressure can be derived 

from the storage temperature, allowing the development of a compression 

system for re-liquefaction in an LCO2 transport ship according to the storage 

temperature. When determining the standard conditions for LCO2 storage, it is 

also necessary to consider the total cost, safety, etc. 

In this study, the available methods for selecting the compressors for the 

multi-stage compression cycle of an LCO2 transport ship were investigated by 

simulation, in terms of the COP and reliability, as determined by the 

compressor discharge temperature. 
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2.2 Conditions of LCO2 transport ship 

2.2.1 Storage tank 

For transporting liquefied gas with a low boiling point, the storage 

conditions should be determined considering the economic efficiency. This 

will be affected by the volume of traffic, cost of the vessel, the energy 

consumption required for liquefaction, etc. When a low-temperature (low-

pressure) condition is set, more liquid can be transported and the cost of re-

liquefaction is reduced. However, extra cost is incurred for liquefaction and 

re-liquefaction. Conversely, for a high storage temperature, while the energy 

costs can be reduced, the cost of tank manufacture will be higher and less CO2 

can be transported. 

For large-scale CO2 emission sources like power plants, the exhaust gas 

is liquefied at a given temperature of between –20°C and –50°C, which will 

approximate to the storage temperature because the LCO2 is transported 

directly to the carrier ship. In other words, the storage temperature is 

determined not by the ship but by the liquefaction system on land. To cool the 

LCO2 to a lower temperature, additional cooling equipment and energy will 

be needed. Nevertheless, lowering the liquefaction temperature offers the 

advantages of increasing the carrying capacity (given the higher density of the 
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LCO2) and lowering the storage tank manufacturing cost (due to the lower 

pressure). The temperature must not be allowed to fall any lower than –50°C, 

however, because of the possibility of reaching the triple point (–56.6°C, 5.2 

bar). The storage temperature adopted for an LCO2 transport ship should be 

determined by evaluating the economics of the overall process, from capture 

to sequestration. In this study, we considered storage temperature of –20°C 

and –50°C which were regarded as being the upper and lower temperature 

limits for liquefied CO2 transport. These were regarded as saturation 

temperature of storage tank, therefore suction pressure of low side compressor 

could be determined from this. 

 

2.2.2 Open re-liquefaction cycle 

Due to the relatively low temperature of the CO2 critical point (31°C, 

73.8 bar), the re-liquefaction cycle is often applied trans-critically. That is, the 

evaporation takes place in the subcritical region and heat rejection occurs in 

the supercritical region. A CO2 refrigeration system presents several 

challenges such as high operating pressures, gas cooling in the supercritical 

region, and high compressor discharge temperatures. In general, multi-stage 

compression with intercooling is the preferred choice if the required pressure 
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increases are large. The resulting benefits include operating each stage with a 

high volumetric efficiency, reducing the leakage past the piston rings, 

increasing the isentropic efficiency of each stage, reducing the discharge 

temperature, lowering the number of problems associated with lubricating oils, 

and reducing the amount of work to be done by the compressors. To maximize 

the reliability, the discharge temperature should be held below about 100°C to 

prevent oil degradation. 

For a fixed gas cooler exit temperature, as the heat rejection side pressure 

increases, the COP initially increases. However, once a certain pressure is 

reached, the COP decreases. This is because the added capacity no longer 

compensates for the additional work required for the compression. Hence, 

there is an optimum high pressure at which the system yields the best COP, 

such that identifying this optimum high pressure corresponding to the 

maximum COP is very important to the design of a trans-critical CO2 

refrigeration cycle. In general, the optimum high pressure varies depending on 

the fluid temperature prior to throttling. (As the temperature of the fluid 

increases, so too does the optimum pressure.) 

For the conventional cycle, the chosen condensing temperature is based 

on the coolant temperature in the condenser and the corresponding saturated 

pressure is assumed to be the condensing pressure. However, for supercritical 
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heat rejection, there is no saturation point, therefore the gas cooler pressure is 

independent of the refrigerant temperature at the gas cooler exit. The gas 

cooler pressure has a marked influence on the specific enthalpy due to the S-

shape of the isotherm in the supercritical region. The COP of the trans-critical 

CO2 system is greatly influenced by the gas cooler pressure, and is non-

monotonic. For a fixed gas cooler exit temperature, as determined by the 

external fluid inlet temperature and gas cooler design, as the high-side 

pressure increases the COP initially increases. Then, however, the added 

capacity no longer compensates for the additional work required for 

compression and thus the COP decreases. This means that there is an optimum 

high pressure at which the optimum operating conditions correspond to the 

maximum COP. The optimum discharge pressure and corresponding 

performance depend on the evaporator temperature, gas cooler exit 

temperature, degree of superheating, and compressor design. 

 

 

2.3 Re-liquefaction cycle optimization 

2.3.1 Compressor design method 
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Figure 2.2 shows the schematic diagram of an “open” CO2 re-

liquefaction cycle, which means that the boil-off CO2 gas being produced by 

the CO2 storage tank as a result of the penetration of atmospheric heat and the 

rolling of the ship is injected directly into the re-liquefaction cycle, and then 

compressed, cooled, and expanded in the cycle before being piped back into 

the tank. Heat generated as a result of the compression and re-liquefaction is 

passed to the seawater through an intercooler and gas cooler. The seawater 

temperature is assumed to be 30°C, as is widely used in the design of 

intercontinental ships sailing through Middle Eastern waters as shown in Fig. 

2.3. Therefore, the outlet temperature of the gas cooler and intercooler was 

assumed to be 33°C when the approach temperature of heat exchanger was 

assumed as 3°C. In the present study, we assumed that there was no degree of 

superheat at the evaporator outlet (low stage compressor inlet) and no 

throttling loss at the expansion device. We also assumed the use of pure CO2. 

The isentropic efficiency of compressor was assumed to be 75%, and the 

pressure drop in the heat exchanger was assumed to be 20 kPa. Table 2.1 lists 

the simulation conditions used in this study. 

If a two-stage re-liquefaction cycle is used when the outlet temperatures 

of the gas cooler and intercooler are the same, the shape of the cycle will be as 

shown in Fig. 2.4. The COP can be obtained from equation (2.1), as follows: 
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    =
ℎ − ℎ 

(ℎ − ℎ ) + (ℎ − ℎ )
 (2.1) 
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Fig. 2.2 Schematic representation of “open” CO2 re-liquefaction cycle for 

LCO2 transport ship 
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Fig. 2.3 Projected route of LCO2 transport ship from South Korea to the Southeast Asia and Middle East 
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Table 2.1 Simulation Conditions 

Parameter Value 

Composition 100% CO2 

LCO2 tank temperature -20°C ~ -50°C 

Isentropic efficiency of compressors 75% 

Seawater temperature 30°C 

Approach temperature in H.X. 3°C 

Degree of superheat 0 

Pressure drop of H.X. 20 kPa 

Loss in throttling N/A 
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Fig. 2.4 Pressure-enthalpy diagram of two-stage transcritical CO2 cycle (not 

to scale) 
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At a fixed high side pressure Ph and low side pressure Pl, the optimal 

intermediate pressure Pm that maximizes the COP can be derived. In this 

study, three compressor design methods were investigated: 

 

1) Same compression ratio (SCR) 

2) Intermediate pressure optimization (IPO) 

3) Intermediate pressure optimization with the same discharge 

temperature (IPODT) 

 

To determine the compression ratio in each stage of a multi-stage 

compression cycle, the SCR method is generally used because it is relatively 

simple to apply. With the SCR method, the compression ratio is the same 

throughout the re-liquefaction system. The compression ratio r and the n-th 

intermediate pressure Pm,n can be obtained from equation (2.2) and equation 

(2.3), below, in terms of the number of the stage n, fixed high-side pressure Ph, 

and low-side pressure Pl. 

 

  =  
  

  
 

 
 

 (2.2) 
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   , =   ∙  
  (2.3) 

 

When points 1, 5, and 6 in Fig. 2.4 are known, the re-liquefaction cycle 

can be uniquely determined with the SCR method, such that there is no need 

for an optimization process. However, the performance as indicated by the 

COP cannot be regarded as having been optimized in the case of the SCR 

method. Moreover, reliability problems caused by the high discharge 

temperature of the compressor cannot be controlled. Therefore, a compressor 

design method capable of guaranteeing the compressor reliability and system 

efficiency should be considered in view of the compressor discharge 

temperature and COP. In this study, we investigated two such methods: IPO 

and IPODT. 

In IPO method, intermediate pressure which makes COP maximized is 

determined as varying intermediate pressure without any other restriction for a 

given high side pressure. To identify an intermediate pressure at which the 

COP is maximized in a two stage re-liquefaction cycle that shown in Fig. 2.4, 

the derivative of the COP as a function of Pm in equation (2.1) has to be zero: 

 

 
    

   
 
  

= 0 (2.4) 
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Under the given conditions for point 1, 5 and 6, equation (2.5) can be 

derived from equation (2.4) as follows: 

 

 
 

   
(ℎ − ℎ + ℎ ) = 0 (2.5) 

 

Therefore, the COP derived using this method can be regarded as being 

the best COP for the given high side and low side pressure, corresponding to 

the storage temperature. However, the reliability-related problem of oil 

degradation caused by the high discharge temperature of compressor cannot 

be eliminated, in the same way as with the SCR method. 

In IPODT method, an intermediate pressure at which the COP is 

maximized is determined under the same discharge temperature condition as 

that shown in Fig. 2.5, such that the discharge temperatures of all the 

compressors lie on the same isothermal line. When the temperature is too high, 

the reliability issue of oil degradation can be solved by increasing the number 

of compression stages. In this study, these three methods were compared in 

terms of performance and reliability, as indicated by the COP and compressor 

discharge temperature, respectively.  
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Fig. 2.5 Pressure-enthalpy diagram for two-stage compression cycle with the 

same discharge temperature (not to scale) 
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2.3.2 Simulation and Result 

A Simulation was conducted using Aspen-HYSYS® 7.1. This is widely 

used for process modeling in the petrochemical field. A simplified schematic 

diagram of the re-liquefaction cycle with two-stage compression is shown in 

Fig. 2.2. For the vapor-liquid equilibrium of pure CO2, Li and Yan (2009) 

suggested that Peng–Robinson (PR), Patel-Teja (PT), and Soave-Redlich-

Kwong (SRK) can all be used to calculate the saturation pressure with an 

average absolute deviation of less than 3%, relative to the measured data. 

However, the SRK equation of state should be excluded for the liquefaction 

and re-liquefaction processes, as the use of this is not recommended if the 

temperature is lower than 290 K. In the present study, the PR equation of state 

was adopted, as is generally recommended for hydrocarbon processing 

applications, such as gas processing, refinery, and petrochemical processes. 

Under the conditions listed in Table 2.1, the re-liquefaction cycle is 

uniquely determined for SCR because the intermediate pressure is fixed, and 

the outlet temperatures of the gas cooler and intercooler are known. Therefore, 

an optimization process was adopted for the IPO and IPODT methods only. 

The COP was derived from the optimization process while varying the 

intermediate pressure with the “optimizer” function for a given high-side 

pressure in Aspen-HYSYS® 7.1. 
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For a single-stage compression cycle, the cycle is fixed. In this single-

stage cycle, the discharge temperature was derived as being between 135°C 

and 200°C, depending on the storage temperature from –20°C to –50°C. This 

temperature range is too high to be acceptable in terms of compressor 

reliability, because the guideline compressor discharge temperature is about 

100°C to prevent oil degradation. Therefore, a multi-stage compression cycle 

was considered. 

Figures 2.6 to 2.8 show the simulation results for a two-stage re-

liquefaction cycle in terms of COP. The intermediate pressure and discharge 

temperature are shown with respect to the high-side pressure when the storage 

temperature is –20°C, which is regarded as being the saturation temperature 

of the storage tank. Figure 2.6 shows that the COP is a maximum of 1.715 at 

12 MPa when determined with IPO, then 1.629 at 10 MPa when obtained with 

IPODT. For the SCR method, the lowest is 1.521 at 10 MPa. The COP values 

obtained with the SCR and IPODT methods are 11.3% and 5.0% lower, 

respectively, than the results obtained with the IPO method at its optimum 

high pressure. As the high-side pressure increases, the COP increases sharply 

below 8 MPa. Between this pressure and the optimum high pressure, the 

increase in the COP is not significant as the high-side pressure increases. 
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Above the optimum high pressure at which the COP is maximized, the COP 

falls slightly 

 

 

 

 

 

Fig. 2.6 Variation in COP with respect to high side pressure for two-stage 

cycles and storage temperature of –20°C 
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as the high-side pressure increases, because the increase of cooling capacity 

falls relative to the work required for the compression. 

In the case of SCR and IPODT methods, the COP exhibits general 

pattern, as the intermediate pressure is under the critical point below high side 

pressure of 14 MPa (Kim & Pettersen (2004)). With the IPO method, however, 

there is a point of inflection in the high-side pressure near 10 MPa, at which 

the maximum COP appears for the SCR and IPODT methods. Above this 

point, the re-liquefaction cycle becomes the so-called “Plank cycle” (Inokuty 

(1924)). The plank cycle is characterized by a higher intermediate pressure 

than the critical pressure, therefore reducing the volumetric capacity of the 

cycle. Consequently, the amount of power needed for the compression can be 

lowered. 

For the IPO method shown in Fig. 2.7, the intermediate pressure 

increases sharply and approaches to the Plank cycle as the high side pressure 

increases, and becomes almost flat above that. From this, we can conclude 

that the increment in the cooling capacity is larger than that of the 

compression work at intermediate pressures below the critical point on the 

isothermal line of the gas cooler outlet temperature. Moreover, the 

differentiation of cooling capacity over compression work increases in 

accordance with the increase of high side pressure. However, these increments 
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are nearly the same as in the Plank cycle region. According to this result, the 

Plank cycle is beneficial in terms of cycle 

 

 

 

 

 

Fig. 2.7 Variation in Pm with respect to high side pressure for two-stage cycles 

and storage temperature of –20°C  
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performance when using the IPO method. This is because the shape of the 

isothermal line in the Mollier diagram becomes steep above the critical point 

pressure, much like the gas cooler and intercooler isothermal line shown in 

Fig. 2.4. As shown in Fig. 2.8, the discharge temperature of the first stage is 

lower than that of the second stage with the SCR method, which is the 

opposite case to that with the IPO method. This means that the second-stage 

temperature of the SCR and the first-stage temperature of the IPO should be 

controlled to guarantee the compressor reliability as determined by the degree 

of oil degradation. After the inflection point of the IPO method, at which the 

intermediate pressure is above the critical pressure, the intermediate pressure 

and discharge temperature of the first-stage compressor remain nearly flat, but 

the COP jumps up due to the significant decrease in the second-stage 

compressor power requirements. 

For the two-stage cycle and a storage temperature of –20°C, the 

discharge temperatures obtained with the SCR method for the first and the 

second stages are 49.9°C and 112.7°C, respectively, under the conditions that 

maximize the COP. Thus, this method is not recommended due to the 

relatively high discharge temperature of the second-stage compressor as well 

as the low COP, compared with the other two methods. Actually, there is no 
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process for finding the optimal conditions with the SCR method, as the 

compression ratios are  

 

 

 

 

 

Fig. 2.8 Variation in discharge temperature with respect to high side pressure 

for two-stage cycles and storage temperature of –20°C 
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determined when the conditions at the low-side compressor inlet and high-

side compressor outlet are fixed. This means that, with the SCR method, the 

cycle efficiency as indicated by the COP, as well as the compressor reliability 

as determined by the degree of oil degradation, cannot be controlled despite 

the advantage of the simple design. With the IPO method, the discharge 

temperatures of the first and the second stage are 105.7°C and 49.6°C, 

respectively, under the maximum COP conditions with a high-side pressure of 

12 MPa. When the high-side pressure is reduced to 10 MPa, the discharge 

temperature of the first-stage compressor is still in excess of 100°C. Below 10 

MPa, the discharge temperature of the first-stage compressor falls sharply 

together with the high-side pressure. With the IPODT method, the discharge 

temperatures of the first and the second stages are both 78.9°C under the 

conditions at which the COP is a maximum, with a high-side pressure of 10 

MPa. This is acceptable in terms of compressor reliability. The COP at this 

point is 1.629, which is 95.0% of the maximum COP obtained with the IPO 

method (1.715 at 12 MPa). 

As shown in Fig. 2.9, for a fixed high-side pressure and storage 

temperature, the isothermal line of the compressor discharge temperature can 

be determined for IPODT. The relationship between the discharge temperature, 

storage temperature, and high-side pressure can be gained and used for 
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compressor design. For instance, under the conditions of a high-side pressure 

of 11 MPa and a storage temperature of –40°C, a discharge temperature of 

103.2°C can be derived from Fig. 2.9. Therefore, we can conclude that the 

number of compression stages should be increased when the storage 

temperature is below –40°C in order to reduce the discharge temperature to 

less than 100°C. 

In much the same way as the case of the two-stage cycle and storage 

temperature of –20°C, under the conditions listed in Table 2.1, the maximum 

COP obtained with the IPODT method with three stages and storage 

temperatures of –40°C and –50°C are 94.8% and 94.3%, respectively, of the 

values obtained with the IPO method. The discharge temperature obtained 

with the IPODT method would assure good reliability, whereas the second 

and the third compressor discharge temperatures obtained with the SCR 

method, and the first obtained with the IPO method, would be above the 

reliable zone. 

Figure 2.10 shows variation of COP with respect to high side pressure of 

three stage cycle and storage temperature of –50°C under the conditions as 

shown in Table 2.1. The COP is a maximum at 14 MPa, 16.5 MPa, and 21 

MPa with the SCR, IPO, and IPODT methods, respectively. The COP 

obtained with the IPODT method is 12.2% higher than that obtained with the 
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SCR method, and 5.7% lower than that obtained with the IPO method. 

However, above the  

 

 

 

 

 

Fig. 2.9 Variation in discharge temperature of IPODT with respect to high-

side pressure of two-stage cycle and various storage temperature 
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Fig. 2.10 Variation in COP with respect to high-side pressure of three-stage 

cycle and storage temperature of –50° 
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optimum high pressure, the shape of the COP curve becomes flatter than that 

at –20°C. In fact, above 12 MPa, there is little change in the level of 

performance as the high-side pressure is increased. As shown in Fig. 2.11, it is 

known that the Plank cycle occurs at a high-side pressure of between 8.5 MPa 

and 9 MPa. With the IPODT method, the intermediate pressure of the second 

stage exceeds the critical point at a high-side pressure of 17.5 MPa. In other 

words, above 17.5 MPa, it becomes a Plank cycle. However, no significant 

change is observed before and after that point. The discharge temperature 

obtained with the IPODT method does not exceed 100°C, as shown in Fig. 

2.12, and it becomes flatter as the high-side pressure increases. The discharge 

temperatures of the second and the third stages as obtained with the SCR 

method and that of the first stage as obtained with the IPO method, all exceed 

100°C. 

Figure 2.13 shows the ratio of the COP divided by the maximum COP at 

various storage temperatures, for a two-stage cycle, as determined with the 

IPODT method. As the high-side pressure increases, while remaining below 

the optimum high pressure, the COP rapidly approaches the maximum, but the 

rate of increase slows above the optimum high pressure. From this, we can 

conclude that the increment in the cooling capacity compared to that of the 

compression work is very large at low pressures, but steadily falls as the high-
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side pressure increases. This is mainly because of the S-shape of the 

isothermal line of the  

 

 

 

 

 

Fig. 2.11 Variation in intermediate pressure with respect to high-side pressure 

of three-stage cycle and storage temperature of –50°C 
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Fig. 2.12 Variation in discharge temperature with respect to high-side pressure 

of three-stage cycle and storage temperature of –50°C 
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Fig. 2.13 Ratio of COP divided by maximum COP of IPODT at optimum high 

pressure of two-stage cycle and storage temperature of –20°C 
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gas cooler outlet, as shown in Fig. 2.4. Also, we know that the differentiation 

in the COP above the maximum COP becomes steeper as the storage 

temperature increases. Figure 2.14 shows the variation in the COP for a two-

stage cycle and a storage temperature of –20°C with the IPODT method with 

respect to the high-side pressure at various gas cooler outlet temperatures. The 

same is true for the intercooler outlet temperature. As the gas cooler outlet 

temperature increases, the value of COP decreases, and optimum high 

pressure becomes higher and the shape of the curve subsequently becomes 

flatter. These phenomena can also be explained by the shape of the isothermal 

curve in the Mollier diagram. As the temperature falls, the isothermal curve 

shifts more towards the left in accordance with the pressure increase, as 

shown in Fig. 2.4. Consequently, as the gas cooler outlet temperature falls, the 

gradient of the COP value, according to the high-side pressure, becomes 

larger as the pressure increases. Furthermore, the optimum high pressure is 

shifted to the lower side because the increment in the cooling capacity is 

larger than that of compression work as the outlet temperatures of the gas 

cooler and intercooler decrease.  
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Fig. 2.14 Variation in COP of IPODT with respect to high-side pressure at 

different gas cooler outlet temperatures of two-stage cycle and 

storage temperature of –20°C 
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2.3.3 Parametric study 

Figures 2.15, 2.16 and 2.17 show variation in COP, discharge 

temperature and power of compression with respect to the isentropic 

efficiency of the compressors at various storage temperature under the pure 

CO2 condition. As the isentropic efficiency becomes higher, performance 

increases and the discharge temperature decreases. The value of COP at 90% 

isentropic efficiency and -20°C is 1.963, which is 29.3% higher than that of 

70%. Power of compression decreases significantly as the isentropic 

efficiency of compressor increases. Compared to the case of 70% efficiency, 

decrease of power of compression shows 77.3% at the case of 90%. As the 

isentropic efficiency increases, discharge temperature decreases. Consequently, 

it can be known that higher isentropic efficiency has good effects on the 

performance and reliability of BOG re-liquefaction cycle. 

Heat from the compression and gas cooling should be exhausted through 

heat exchangers to the seawater. The temperature of seawater varies according 

to the location and season, therefore, the effects of seawater temperature 

should be considered. Under the given temperatures of seawater and approach 

in heat exchangers, temperatures of gas cooler and intercooler lie on the 

isothermal line. However, at low seawater temperature, there is a possibility 
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of liquid compression due to the phenomenon as like Fig. 2.18. In case of low 

seawater, 

 

 

 

 

 

Fig. 2.15 Variation in COP of IPODT with respect to the isentropic efficiency 

of compressor at various storage temperature under the pure CO2 

condition 
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Fig. 2.16 Variation in discharge temperature with respect to isentropic 

efficiency of compressor at various storage temperature under the 

pure CO2 condition 
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Fig. 2.17 Variation in power of compression with respect to isentropic 

efficiency of compressor at various storage temperature under the 

pure CO2 condition 
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Fig. 2.18 Pressure-enthalpy diagram in the case of low seawater temperature 

at two-stage transcritical CO2 cycle (not to scale) 
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outlet temperature of intercooler can be moved from point 3 to 3', therefore, 

proper cycle modification or adjustment of intercooler capacity should be 

considered to prevent liquid phase compression. Figure 2.19 shows the 

variation in COP with respect to seawater temperature at various storage 

temperature under the pure CO2 condition. From this, it can be known that the 

COP increases as the seawater temperature decreases. It is mainly because of 

the increase of cooling capacity than the decrease of power of compression. 

From Fig. 2.20, it can be known that the cooling capacity at 15°C seawater 

temperature is twice of 40°C case. 

In the present study, the limit of maximum discharge temperature was set 

as 100°C, which is generally suggested in the specifications of oil companies 

like Shell, Castrol, etc. However, this limiting condition can be varied as type 

of oil, operating conditions like temperature and pressure, etc. If the limiting 

temperature can be increased, there is possibility of using just one stage 

compression system considering the decrease of performance. Figure 2.21 

shows the comparison of discharge temperatures with respect to the storage 

temperature of one and two stage compression cycle by IPODT method. In 

one stage compression cycle, discharge temperatures show 121.5°C and 

170.4°C at storage temperature of -20°C and -40°C, and the decrease of COP 
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is about 8~9% compared to those of two stage compression cycle. As the 

storage temperature  
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Fig. 2.19 Variation in COP with respect to seawater temperature at various 

storage temperature under the pure CO2 condition 
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Fig. 2.20 Ratio of cooling capacity with respect to seawater temperature at 

various storage temperature under the pure CO2 condition 
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Fig. 2.21 Comparison of discharge temperatures with respect to storage 

temperature of one and two stage compression cycle  
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lowered, the ratio of compression increases, however, high side pressure 

doesn’t increase. This is due to the steepness of the isothermal line of CO2 in 

the high pressure region. Consequently, one stage compression cycle can be 

considered in the case of higher discharge temperature limit at high storage 

temperature condition. 

 

2.4 Summary 

In this study, the three methods available for designing a multi-stage 

compression system for re-liquefaction in LCO2 transport ship applications 

were investigated. These were the same compression ratio (SCR), 

intermediate pressure optimization (IPO), and intermediate pressure 

optimization with the same discharge temperature (IPODT) methods. The 

SCR method is most commonly adopted due to its simplicity. However, it 

produces a lower maximum performance than is possible with the IPO and 

IPODT methods, and there is the possibility of reliability problems arising, 

caused by oil degradation resulting from the high discharge temperatures. 

Therefore, the use of the SCR method is not recommended when designing a 

multi-stage compression system, in terms of either reliability or performance. 

The IPO method, in which optimization is performed by varying the 
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intermediate pressure, produces the highest level of performance of any of the 

three methods. However, like the SCR method, it is also likely to give rise to 

reliability problems. 

The IPODT method is a modification of the IPO method. With this 

method, the re-liquefaction cycle is optimized assuming the same discharge 

temperature at each compression stage. In this way, the discharge 

temperatures at each compression stage can be controlled. Therefore, the 

IPODT method is advantageous in terms of ensuring reliability, while the loss 

of performance is minimal. In this study, we found that the drop in 

performance was only around 5% compared to the value obtained with the 

IPO method (regarded as being the best possible value). Consequently, when 

designing a multi-stage compression system for the re-liquefaction cycle of an 

LCO2 transport ship, optimization using the IPODT method is recommended 

in terms of both performance and reliability. 

When a re-liquefaction system is adopted for an LCO2 transport ship, the 

carrying capacity of the LCO2 falls with the increase in the total weight of the 

equipment, including the compressor, intercooler, tank of refrigerant for 

emergencies, and other auxiliaries. Because of this, small size and lightness 

are very important factors for ship-borne designs, in contrast with systems 

constructed on land. Accordingly, an open cycle designed with the IPODT 
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method is beneficial from this point of view. By using the IPODT method, the 

number of compression stages can be kept within a certain number to 

maintain reliability, and thus maximize the throughput. 

In conclusion, the use of the IPODT method is recommended for the 

design of the re-liquefaction cycle for an LCO2 transport ship, not only in 

terms of the performance and reliability of the re-liquefaction cycle but also 

regarding the size and weight of the equipment, and their effect on the ship’s 

carrying capacity. 



 

81 

 

Chapter 3. Effects of Impurities 

 

3.1 Introduction 

In the CO2 feed stream, there exist other components like N2, O2, Ar, 

H2O, SOx and NOx depending on the separation method, conversion of fuel, 

stoichiometric combustion, etc. Dependent on the transportation and storage 

specifications, some of these components should be removed before being 

loaded to the ship (Kvamsdal et. al. (2007)). Most of these impurities will not 

cause any safety or operational problems, however, it can raise the possibility 

of inefficiency in pipeline and ship transport. Moreover, when CO2 is used for 

EOR, the specification may be more stringent as immiscible components may 

increase the miscible pressure in the reservoir and thereby decrease the 

efficiency of oil recovery and CO2 sequestration (Aspelund & Jordal (2007)). 

Steeneveldt et al. (2006) suggested that specification below 300 ppm for 

nitrogen and 50 ppm for oxygen is required for EOR. Recently, the effects of 

impurities on EGR were investigated and the standards of impurities were 

suggested for ROAD (Rotterdam Capture and Storage Demonstration) Project 

(Global CCS Institute (2013a)). The ROAD project is an initiative of E.ON 

Benelux and GDF SUEZ of Nederland which is co-financed by the European 
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Commission within the framework of the Energy program for recovery, the 

Government of the Netherlands and the Global CCS Institute. This project is 

one of the first large-scale, integrated Carbon Capture and Storage (CCS) 

demonstration projects on power generation in the world. The main objective 

of ROAD is to demonstrate the technical and economic feasibility of a large-

scale, integrated CCS chain on power generation. For this, the analysis was 

conducted to find out the effects of gas composition on the thermodynamic 

behavior of the CO2 stream compared to pure CO2. Impurities or by-products 

such as nitrogen, methane, and hydrogen may change the density of the CO2 

stream, which could, for example, affect the pressure needed to transport CO2 

in a dense phase (as opposed to a gaseous phase). Moreover, combinations of 

impurities might influence the physical properties of the CO2 stream 

differently to impurities from a single component. Knowing the characteristics 

of a gas mixture that comprises CO2 and impurities is therefore important to 

properly engineer a CO2 transport system. The limit of impurities is very 

stringent, and this can be reached by liquefaction or conditioning which cost 

high, accordingly, it can influence the price of CO2. 

Most studies on the effects of impurities for CCS are related to 

conditioning of liquefaction and transport in the view of pipeline. There is no 

study on the effects of impurities for liquefied CO2 transport. In the present 
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study, the effects of impurities on the re-liquefaction cycle of liquefied CO2 

transport ship were investigated in terms of performance and reliability by 

simulation. Among the impurities, nitrogen and oxygen were chosen because 

the contents of them are high compared to other components. 

 

3.2 Purity of CO2 

3.2.1 CO2 quality for ship transportation 

There is no fixed guideline which is widely accepted for the liquefied 

CO2 transport ship for EOR and EGR. However, it is generally accepted that 

the purity is important in case of EOR and EGR. Specifications may be more 

stringent as immiscible components may increase the miscible pressure in the 

reservoir, and thereby decrease the efficiency of the CO2. Furthermore, 

oxygen may cause precipitation reactions and thereby reduce the permeability 

of the reservoir. Also, oxygen reacting exothermally with oil may lead to 

overheating at the injection point. As a consequence, Steeneveldt et al. (2006) 

suggested that specifications of 300 ppm for nitrogen and 50 ppm for oxygen 

may be required. An important aspect of this is that oxygen cannot easily be 

removed to such stringent specifications using conventional separation 

without increasing the re-boiler and condenser duty significantly. Hence, the 
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complexity and costs for conditioning of all oxy-fuel concepts will increase. It 

is therefore of vital importance that the specifications are not determined only 

from a conservative reservoir point of view, but also take into account the 

additional costs for reaching such stringent specifications (Aspelund & Jordal, 

2007). Generally, in ship transport, most of the volatiles must be removed in 

order to avoid dry ice formation in the liquid CO2. For pipeline transport, 

however, removal is not necessarily required 

Water is mainly an operational problem and must be removed to avoid 

gas hydrates, freezing of water and corrosion. The solubility of water in CO2 

gas decreases with higher pressure and lower temperatures (Diamond and 

Akinfiev, 2003). Most of the water can be removed in the vapor–liquid 

separator before compression and liquefying. As the gas is compressed and 

liquefied, most of the remaining water condenses and is removed in the 

separator prior to be compressed. It is known that the vapor–liquid separator 

can remove water down to approximately 400–500 ppm with proper design 

(Austegard et al., 2006). After the separation process, the CO2 gas can be 

dried to single digit ppm level by regenerative adsorption columns, which can 

be regenerated with heated CO2. Contaminants like H2S can also be removed 

at this point. The purge gas from the adsorption column can be cooled and 

recycled into one of the first vapor–liquid separator drums to avoid purging of 
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CO2. For ship transportation, it is known that the water should be removed to 

50 ppm to avoid operational problems in the liquefaction process. The exact 

specification will depend on the liquefaction process and equipment. Liquid 

CO2 can contain more water than gaseous CO2 at all pressures (Austegard et 

al., 2006). Since most of the water can be removed in the separator, the 

amount of water will hardly have any effect on the process efficiency or 

CAPEX/OPEX. 

Components with boiling points and densities similar to CO2 may be 

accumulated in the CO2 if not removed by the means of more advanced 

separation techniques. The unwanted components should be removed, and this 

can be costly. Components that cannot be easily separated from CO2 by 

flashing or simple distillation are propane, ethane, H2S and SO2 (Aspelund & 

Jordal, 2007). It is very unlikely that propane and ethane should remain after 

combustion of natural gas and in any case small quantities of propane and 

ethane will not cause any operational problems. H2S on the other hand might 

be a safety hazard. SO2 poses a particular problem, since it is not clear yet if it 

might be regarded as industrial waste and therefore cannot be injected in 

reservoirs or aquifers due to legal restrictions. 

As for the LCO2 transportation by this ship with open re-liquefaction 

cycle, boil-off CO2 will be injected directly to the re-liquefaction system, 
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therefore, impurities will influence on the cycle performance and reliability as 

well as the mechanical and chemical problem. In the present study, effects of 

impurities on the cycle performance in terms of COP and reliability in terms 

of oil degradation of compressor were investigated. 

 

3.2.2 Ullage and BOG concentration 

Storage tank which stores or transports liquefied gas should have ‘ullage’ 

space for safety, which means the free space left for possible expansion or 

evaporation caused by penetrated heat or rolling of the ship. Generally, it is 

regulated within the range of between 5% and 10% for liquefied gas. For 

example, in case of 10% ullage, ‘full load’ means 90% occupancy of total 

volume of the storage tank. In the chapter 15 of IMO IGC code for ship 

design, it is referred that the filling limit of the storage tank should be 

determined as the shape of the tank, arrangements of pressure relief valves, 

accuracy of level and temperature gauging and the difference between the 

loading temperature and the temperature corresponding to the vapor pressure 

of the cargo at the set pressure of the pressure relief valves under the 

MARVS(maximum allowable relief valve setting), and that general upper 
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filling limit is 98%. And, lower limit of 90% is generally accepted due to the 

sloshing effect. 

Liquefied CO2 from liquefaction plant is shipped into the storage tank of 

the ship in the liquid phase, which means that the composition of the liquid in 

shipping is the same as the total composition in the storage tank including 

liquid and vapor phase that is evaporated in the tank. After shipping, vapor 

and liquid exist at equilibrium state within the tank, and the respective 

compositions are affected by the ullage. Ullage can be defined as equation 

(3.1) below. 

 

 Ullage =
    

    +     
 (3.1) 

And, this equation (3.1) can be converted into equation (3.2) below. 

 

 Ullage =  
    

    

 

(1 −  )
 /  1 +

    

    

 

(1 −  )
  (3.1) 

 

Figure 3.1 shows the variation of BOG concentration according to the ullage 

under the conditions of 0.1 mol% N2/0.1 mol% O2/99.8 mol% CO2 in liquid 

phase of shipping and -20°C storage temperature. As shown in this figure, the 

concentrations of nitrogen and oxygen in the BOG state increase as the ullage 
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decreases, which means that the composition of impurities is larger as the load 

of CO2 increases. The composition of nitrogen is more than that of oxygen, 

moreover, the gap is enlarged more and more as the load increases. 

Approaching to the 100% ullage, which means that the injected liquid is 

wholly vaporized in the storage tank, BOG concentration is the same as the 

liquid concentration. As the decrease of the free space in the tank, however, 

the concentration of the more volatile gas in the vapor phase increases. The 

mixture in the present study, CO2, N2 and O2 have the boiling points of -

13.4°C, -154.0°C, and -136.5°C at around 2.4 MPa which is the pressure of 

storage tank at -20°C of these mixtures. Form this, it can be inferred that the 

concentrations of N2 and O2 will increase as the decrease of the ullage. It 

means that the BOG concentration will be far from the initial composition of 

loaded liquid phase as approaching the full load. Because the BOG is injected 

into the ‘open’ re-liquefaction cycle, the effect of ullage on the BOG 

concentration should be carefully considered in terms of the performance and 

reliability. 

 

3.2.3 Storage temperature and BOG concentration 
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Figure 3.2 shows the variation of BOG concentration according to the 

storage temperature at 10% ullage and -20°C storage temperature under the 

conditions of 0.1 mol% N2/0.1 mol% O2/99.8 mol% CO2 in liquid phase. As 

the storage temperature increases, the concentrations of N2 and O2 which have 

lower boiling points compared to CO2 decreases in the BOG. Therefore, the 

 

 

 

 

 

Fig. 3.1 Variation of BOG concentration according to the ullage at 0.1 mol% 

N2/0.1 mol% O2/99.8 mol% CO2 in liquid phase and storage 

temperature of -20°C 
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effects of impurities like N2 and O2 can be increased approaching to low 

storage temperature. Storage temperature will be determined in the stage of 

liquefaction process on land. The more storage temperature is lowered, the 

concentrations of impurities other than CO2 increases as well as the cost of 

liquefaction. However, because the low storage temperature has the advantage 

of higher carrying capacity due to the high density, the optimal storage 

temperature should be further investigated. 

Even though there are small quantities of impurities in the liquid phase 

on the shipping as shown in Fig. 3.2 of 0.1 mol% N2 and 0.1 mol% O2, it 

expands up to more than 6% and 4% at -50°C and nearly both 2% at -50°C in 

the BOG. Thus, the effects of impurities on the re-liquefaction cycle may not 

be neglected, therefore, the influences of the storage temperature should be 

studied for the ship design in terms of performance and reliability. 

 

3.3 Effects of impurities on re-liquefaction cycle 

3.3.1 Simulation conditions and cycle characteristics 

Table 3.1 shows BOG compositions at various liquefied CO2 storage 

conditions at –20°C and 10% ullage which are used for the simulation in the 
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present study. In case of 0.1 mol% and 1 mol% of nitrogen with 99.9 mol% 

and  

 

 

 

 

 

Fig. 3.2 Variation of BOG concentration according to the storage temperature 

of 0.1 mol% N2/0.1 mol% O2/99.8 mol% CO2 in liquid phase and 10% 

ullage 

  

0.0

2.0

4.0

6.0

8.0

88

90

92

94

96

98

-50 -40 -30 -20 -10

N
2

O
2

CO
2

C
o
n

ce
n
tr

a
tio

n
 o

f 
N

2
, 
O

2
 [

%
] C

o
n
c
e
n

tra
tio

n
 o

f C
O

2  [%
]

Storage temperature [
o
C]



 

92 

 

Table 3.1 BOG compositions at various liquefied CO2 storage conditions at –20°C and 10% ullage 

liquefied CO2 composition [mol%] 

[N2:O2:CO2] 

BOG composition [mol%] 

[N2:O2:CO2] 

 0.1 : 0.0 : 99.9  2.03 : 0.00 : 97.97  

 1.0 : 0.0 : 99.0  16.64 : 0.00 : 83.36  

 0.0 : 0.1 : 99.9  0.00 : 1.58 : 98.42  

 0.0 : 1.0 : 99.0  0.00 : 13.53 : 86.47  

 0.5 : 0.5 : 99.0  8.52 : 6.60 : 84.88  
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99% CO2 in liquid state, nitrogen expands up to 2.03 mol% and 16.64 mol% 

in the BOG which is about 20.3 and 16.64 times compared to the liquid 

compositions. And, oxygen of 0.1 mol% and 1 mol% with the rest to be CO2 

expands up to 15.8 and 13.53 times compared to the liquid compositions. 

After loading from the CCS plant on land as the liquefied CO2 composition, 

part of it will exist in the tank as the BOG composition as like Table 3.1 

according to the ullage and storage temperature. This BOG composition 

according to the storage conditions can be derived by the vapor-liquid 

equilibrium. From this, it can be known that the just small amounts of 

impurities in the liquefied CO2 of 0.5 mol% N2/0.5 mol% O2/99 mol% CO2 

expand up to more than 16 times in BOG state. 

It was assumed that the re-liquefaction cycle was two stage compression 

and the storage temperature was -20°C. Figure 3.3 shows pressure-enthalpy 

diagram of re-liquefaction cycle for pure CO2 and 0.5 mol% N2/0.5 mol% 

O2/99 mol% CO2 in the liquid phase of shipping from the liquefaction plant at 

the conditions of -20°C and 10% ullage. After shipping, the composition of 

BOG in the mixture becomes 8.52 mol% N2/6.60 mol% O2/84.88 mol% CO2 

as shown in Table 3.1. CO2, N2 and O2 have the boiling points of -13.4°C, -

154.0°C, and -136.5°C at around 2.4 MPa which is the pressure of storage 
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tank at -20°C of these mixtures. Because the boiling point of carbon dioxide is 

much   
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Fig. 3.3 Pressure-enthalpy diagram of re-liquefaction cycle for pure CO2 and 

0.5 mol% N2/0.5 mol% O2/99 mol% CO2 
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higher than nitrogen and oxygen, BOG has the large amount of nitrogen and 

oxygen compared to that of the liquid phase. In a liquefied CO2 carrier ship, 

wasted heat from work of compression and storage tank is transmitted to 

seawater through heat exchangers of intercooler and gas cooler. Therefore, 

exit temperatures of heat exchangers were assumed to lie on 33°C isotherm. 

In this figure, the 33°C isothermal line of the mixture is shifted to the right 

side above 6.3MPa and shows a gentle slope compared to that of the pure CO2. 

This gap is enlarged within the possible pressure range of gas cooling at 10 

MPa nearby. This shift in exit temperature of heat exchangers causes heat 

emission of the mixture to be less than that of pure CO2, and this phenomenon 

results in decreasing of heat exhaust in gas cooler and cooling capacity 

And the discharge pressures are higher in case of non-pure CO2 than that 

of pure CO2 during compression; discharge pressures of the first and second 

compressors are 7.9 MPa and 14.4 MPa at 0.5 mol% N2/0.5 mol% O2/99 mol% 

CO2 of the liquefied CO2, and they are 29.0% and 37.2% higher than those of 

pure CO2 case. If the system is designed under the pressure of pure CO2 

condition, increase of pressure like this will not be acceptable in terms of 

allowable pressure, thus design pressure should be adjusted considering BOG 

condition. Therefore, when designing re-liquefaction system of liquefied CO2 

transport ship, the effects of impurities on the performance and reliability



 

97 

 

should be considered, because just a small amount of impurities in the liquid 

state is enlarged in the BOG state and has the possibility to cause considerable 

change of cycle characteristics 

Figure 3.4 shows pressure-enthalpy diagram of re-liquefaction cycle for 1 

mol% N2/99 mol% CO2 and 1 mol% O2/99 mol% CO2 in the liquid phase of 

shipping at the conditions of -20°C and 10% ullage. From this, the effects of 

nitrogen and oxygen on the re-liquefaction cycle can be compared. At the 

same composition of impurities on molar basis in the liquid of shipping, 

nitrogen shows more concentration than oxygen in the BOG state. In case of 1 

mol% N2/99 mol% CO2 in the liquid shipping, the composition of BOG is 

16.64 mol% of N2 and 83.36 mol% of CO2, respectively. And, for 1 mol% 

O2/99 mol% CO2, it is 13.53 mol% of O2 and 86.47 mol% of CO2. In case of 1 

mol% N2/99 mol% CO2, the performance was 10.0% lower than the other 

case. The discharge pressures of the first and the second stage compression of 

the case of nitrogen were more than those of oxygen as for 7.2% and 9.8% 

higher. 

The differences in the characteristics on re-liquefaction cycle are mainly 

because of the gap of enlarged composition in the BOG stage. When the 

concentration of impurities in the BOG state is the same, cycle characteristics 
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are similar to each other. Cooling capacity and COP in the case of 5 mol% 

N2/95 mol% CO2 of the BOG state were 1.9%, 2.7% lower, and the power of  
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Fig. 3.4 Pressure-enthalpy diagram of re-liquefaction cycle for 1 mol% N2/99 

mol% CO2 and 1 mol% O2/99 mol% CO2 
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compression was 0.9% higher than the other case of 5 mol% O2/95 mol% CO2. 

As for the discharge pressures of the first and the second stages, those of the 

former case were 0.3% and 0.6% higher than the others. From this, it can be 

inferred that the concentration of impurities in the BOG state is important to 

predict the cycle characteristics caused by the impurities of N2 and O2. 

 

 

3.3.2 Results and analysis 

Figure 3.5 shows the ratio of cooling capacity compared to the reference case 

of pure CO2 with respect to the concentration of nitrogen and oxygen in a two 

stage cycle at –20°C storage temperature and 10% ullage. As the 

concentration of nitrogen and oxygen increases in the mixture, cooling 

capacity decreases as explained in Fig. 3.3. Just 1 mol% of nitrogen and 

oxygen with 99 mol% CO2 in the liquid phase caused decreases of cooling 

capacity by the amount of 28.3% and 35.5% compared to that of pure CO2 

condition, respectively. It means that the designed cooling capacity of the re-

liquefaction system should be enhanced up to 39.5% and 55.0% compared to 

that of pure CO2 cycle to treat the generated BOG. The falling rate of cooling 
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capacity according to the increase of nitrogen is higher than that of oxygen. It 

is because that the composition of  

 

 

 

 

Fig.3.5 Cooling capacity according to the concentration of N2 and O2 in 

liquefied CO2 divided by the reference value for pure CO2 
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nitrogen is higher in the BOG state than that of oxygen at the same 

concentration in the liquid phase as explained in Fig. 3.4. As the concentration 

of oxygen and nitrogen increases, the gaps of the cooling capacity with and 

without the other impurity are narrowed. It is because the other impurity had 

lower portion of the mixture, as the composition of impurities increases. 

Figure 3.6 shows the work of compression according to the concentration of 

N2 and O2. Using the same compressor as that designed for pure CO2, BOG 

will be compressed under the conditions of the same volumetric ratio 

theoretically 

The compressed volumetric ratios in the first and the second compression 

stages were 0.440 and 0.726 in the condition of Table 3.1, respectively. From 

this figure, it can be known that the work of compression increases rapidly as 

the concentration of impurities increases. According to the concentration, the 

increase of nitrogen has more influence on the rise of the compression work 

than the other case. This is mainly because the enlarged composition of 

nitrogen in the BOG state and the rise of discharge pressures of compressors 

according to the increase of nitrogen are much more than oxygen under the 

same content in the mixture. In case of just 1 mol% N2/99 mol% CO2, work of 

compression increased 18.8% more than the case of pure CO2. And, for 1 mol% 

O2/99 mol% CO2, it was 11.8%. Figure 3.7 shows the COP according to the 
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concentration of N2 and O2 derived from Figs. 3.5 and 3.6. According to the 

concentration of  
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Fig. 3.6 Work of compression according to the concentration of N2 and O2 in 

liquefied CO2 divided by the reference value for pure CO2 
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Fig. 3.7 COP according to the concentration of N2 and O2 in liquefied CO2 

divided by the reference value for pure CO2 
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impurities, COP shows rapid decay due to the decrease of cooling capacity 

and increase of compression power. In the cases of just 1 mol% of nitrogen 

and oxygen with 99% of CO2 in the liquid phase of shipping, COP showed 

54.3% and 64.1% compared to that of pure CO2 condition. From this results, 

it can be known that the inefficiency problem caused by impurities on the re-

liquefaction cycle is more serious in the case of nitrogen compared to that of 

oxygen. Just small amount of impurities of nitrogen and oxygen affects 

performance negatively in the view of cooling capacity and compression work 

to the extent of considering design change. When designing open re-

liquefaction cycle to treat BOG of the liquefied CO2 transport ship, the effects 

of impurities on the cycle performance should be reflected considering 

operation conditions like storage temperature, ullage, seawater, etc., and the 

composition of impurities which is related to the method of capture, 

conditioning, etc. 

Generally, discharge temperature of compressor is regarded as one of the 

most important factors for reliability of refrigeration cycle in the view of 

preventing oil degradation, therefore, it is recommended to be operated below 

certain temperature for safety. In the present study, the temperature limit of 

100°C was assumed. However this temperature limit varies depending on the 

kinds of oil and operation condition, etc. In the re-liquefaction cycle of the 
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present study, discharge temperature of each stage was the same as 81.0°C for 

pure CO2 cycle, which was the reference case derived by optimization with 

the same discharge temperature restriction as mentioned above. Figures 3.8 

and 3.9 show discharge temperatures of the first and the second stage 

compressors according to the concentration of nitrogen and oxygen. As the 

concentration of nitrogen and oxygen increased, discharge temperatures of the 

first and second stage compressors increased, however, it didn’t exceed 100°C 

in both cases. From this, it is conjectured that the impurities of nitrogen and 

oxygen are not likely to raise the possibility of reliability problem of oil 

degradation up to 2% respectively on molar basis in the conditions of present 

study. As the concentration increases, discharge temperature of the first stage 

increases greater than that of the second stage, therefore, reliability control 

can be achieved by monitoring the discharge temperature of the first stage 

compressor. In the mixture, nitrogen as impurity makes the discharge 

temperatures higher than that of oxygen. This phenomenon is also caused by 

higher volumetric ratio and discharge pressures of the nitrogen as impurity 

compared to those of oxygen during compression. 

Figures 3.10 and 3.11 show discharge pressures of each compressor in 

accordance with the concentration of nitrogen and oxygen. Discharge 

pressures of the first and the second stages were 6.1MPa and 10.5MPa for 
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pure CO2 cycle which was reference condition. Generally, in non-pure CO2 

condition,   
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Fig. 3.8 Discharge temperature of the first and second stage compressor 

according to the concentration of N2 in liquefied CO2 
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Fig. 3.9 Discharge temperature of the first and second stage compressor 

according to the concentration of O2 in liquefied CO2  
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Fig. 3.10 Discharge pressure of the first and second stage compressor 

according to the concentration of N2 in liquefied CO2 
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Fig. 3.11 Discharge pressure of the first and second stage compressor 

according to the concentration of O2 in liquefied CO2 
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discharge pressures increased as the concentration of impurities increase. In 

case of just 1mol% N2/99 mol% CO2, those were 8.2 MPa and 15.1 MPa, 

which were 34.4% and 43.8% higher than those of pure CO2 condition. And, 

in case of 1 mol% O2/99 mol% CO2, they were 7.6 MPa and 13.7 MPa as 24.6% 

and 30.5%. The increases of the discharge pressures caused by the impurities 

are very considerable, therefore, these effects of impurities on the re-

liquefaction cycle should be reflected carefully for safety. If the re-

liquefaction cycle is designed under just pure CO2 condition, the safety 

problem caused by increase of pressure may not be guaranteed in the real 

conditions of the liquefied CO2 which is mixed with impurities. In both cases 

of Figs. 3.10 and 3.11, the increase rates of discharge pressure of the second 

stage are more rapid. It is because that the effects of impurities on the increase 

of the discharge pressures are accumulated as the increase in stage of 

compression. Due to the increase of the high side pressure like this, allowable 

and design pressure should be adjusted considering this phenomenon, and this 

will result in the escalating of the cost. In other word, the purity of liquefied 

CO2 may influence on the cost of transportation of CO2 for EOR and EGR. 

Figure 3.12 shows variation in COP with respect to the ullage at the 

IPODT method and storage temperature of -20°C. Ullage can be determined 
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between 90% and 98% due to the sloshing effect and IMO IGC code. As the 

ullage 

 

 

 

 

 

Fig. 3.12 Variation in COP with respect to ullage at the IPODT method and 

storage temperature of –20°C (mol% N2/O2/CO2) 
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increases, COP increases gradually, which is because the concentration of 

impurities in the BOG is lower in large ullage condition under the same LCO2 

composition as explained in Fig. 3.1. Figures 3.13 and 3.14 show the variation 

in high side pressure and discharge temperature with respect to the ullage at 

the IPODT method and storage temperature of -20°C. As the ullage increases, 

high side pressure decreases and discharge temperature decreases gradually, 

which are caused by the decrease of impurities as discussed above. 

 

 

3.4 Summary 

In the present study, the effects of representative impurities of N2 and O2 on 

the re-liquefaction cycle of liquefied CO2 transport ship were investigated by 

simulation. The cycle in this study was assumed to be open cycle as shown in 

Fig. 1.8, and optimized under the same discharge temperature condition. After 

loaded to the ship in the liquid phase, liquefied CO2 is separated into the 

saturated liquid and vapor phase of BOG within the storage tank. In the BOG, 

the composition of N2 and O2 is enlarged due to their low boiling points 

compared to that of CO2, and these impurities are enlarged at the most in the 
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full load condition. It means that the effects of impurities on the re-

liquefaction  
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Fig. 3.13 Variation in high side pressure with respect to ullage at the IPODT 

method and storage temperature of –20°C (mol% N2/O2/CO2) 
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Fig. 3.14 Variation in discharge temperatures with respect to ullage at the 

IPODT method and storage temperature of –20°C (mol% N2/O2/CO2) 
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cycle should be carefully considered as the load increases. 

In the present study, cycle performance in terms of COP reduced as the 

cooling capacity decreased and the work of compression increased compared 

to the pure CO2 condition. In the same composition of impurities with CO2, 

the mixture with nitrogen showed worse performance than that with oxygen. 

Accordingly, to meet the required cooling capacity of the LCO2 transport ship, 

re-liquefaction cycle should be designed by considering this performance 

decay according to the kinds of impurities. Impurities raised the discharge 

pressures considerably, and the tendency of nitrogen to raise the discharge 

pressures was more than that of oxygen. Higher discharge pressures may 

cause the safety problem of the pressurized system and lead to the higher cost. 

Above all, it is very dangerous not to consider the increase of high side 

pressure caused by impurities in the design phase, because the design under 

the pure CO2 condition will not guarantee the safety of re-liquefaction system. 

However, impurities didn’t tend to raise the risk of reliability of compressors 

caused by high discharge temperatures over 100°C which was regarded the 

limit for safety free from the oil degradation. 

From this study, it can be known that the small quantities of impurities 

may increase the risk of the re-liquefaction system and decrease the system 

performance. It means that the cost of transport by the ship will be 
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significantly influenced by the purity of liquefied CO2, accordingly, the purity 

may be one of the main factors to determine the price of CO2 in the future. 
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Chapter 4. Case study for 10 MW CCS plant 

 

4.1 Introduction 

Generally, CO2 is produced about 8,000 ton per year per 1 MW power 

generation for the natural gas power plant, which is equivalent to about 22 ton 

per day. For sequestrating this carbon dioxide by EOR and EGR, it should be 

transported by pipeline or ship. If the distance between the sites is far from 

each other and there exists sea or lake, ship transportation is preferable. 

Because CO2 will be produced and liquefied continuously in the power 

plant, temporary storage tank will be necessary on land due to its 

discontinuous transportation on the contrary to the pipeline. The capacity of 

temporary storage tank will be influenced by the daily production and the 

sailing period of the ship. Larger production and longer sailing period will 

increase the capacity of temporary storage tank. From the temporary storage 

tank, LCO2 transport ship will load the liquefied CO2, and carry it to the 

sequestration site periodically. Theoretically, the capacity of LCO2 transport 

ship should be the same as that of the temporary storage tank. Accordingly, 

volume of traffic should be determined at design stage with relation to 

distance, daily production, sailing period, etc. 
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In the present study, it is assumed that the CO2 is transported between 

South Korea and Middle East, which is similar to the oil and LNG 

transportation route. It is because that the EOR and EGR sites are usually 

depleting oil and wells. Usually, the oil and gas transportation ship sails about 

38 days for round trip. Therefore, in case of 100 MW power plant, 83,000 ton 

which is equivalent to about 80,000 m3 should be transported at one time. 

Accordingly, liquefied CO2 transport ship is necessary for this more than tens 

of thousands of cubic meters. 

In the area of northern Europe, there are some commercialized liquefied 

CO2 transport ships for beverage which are the classes of about 1,200 cubic 

meters, however, those are too small to use for CCS. Therefore, large-scale 

LCO2 transport ship should be developed. For this, energy and shipbuilding 

companies like Statoil, HHI(Hyundai heavy industries), SHI(Samsung heavy 

industries), Mitsubishi and Alstorm have developed the large-scale LCO2 

transport ship. As shown in Fig. 1.8, LCO2 transport ship should equip storage 

tanks, loading/unloading facilities like arms and pumps, BOG handling 

system, etc. However, there is no commercialized LCO2 transport ship for 

CCS until now. 

Compared to LNG ship, it has not been regarded BOG treatment as 

important research subject, mainly because of the low price of carbon dioxide 
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and the absence of regulation. However, without BOG treatment, liquefied 

CO2 over 3% will be vented during the sailing even with ideal insulation 

condition, which cannot be ignored regarding the emission of the ship. 

Therefore, it is possible that the BOG treatment can be main issue in the 

future in terms of regulation and economics. 

In the present study, quantitative study about BOG handling system was 

conducted with assuming the conditions of Korean CCS project of Bo-ryeong 

power plant and inter-continental transportation to the Middle East for EOR 

and EGR (Global CCS Institute, 2013b). 

 

4.2 Concept of LCO2 transport ship 

4.2.1 Concepts of LCO2 storage tank 

According to the broadest categorizations in accordance with the IMO 

(International Maritime Organization) IGC(International Code for the 

Construction and Equipment of Ships Carrying Liquefied Gases in Bulk) 

Code, there are a few types of tanks for liquefied gas storage; membrane and 

semi-membrane, independent tank type A, independent tank type B, and 

independent tank type C. Type A tanks are generally of prismatic shape but 

are not designed to leak before failure criteria and, therefore, require a full 
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secondary barrier. Type B tanks are freestanding tanks that are designed under 

a leak before failure criteria and, therefore, only require a partial secondary 

barrier. These tanks are available in both prismatic and spherical shapes. Type 

C tanks are based on recognized pressure vessel standards and require no 

secondary barrier. Type C tanks can be designed and certified to pressures 

above atmospheric, which is quite typical for pressure, versus refrigerated, 

LPG carriers. For this, Type C tank is called as “cryogenic pressure vessel”. 

Although there is a significant advantage in volumetric efficiency for 

membrane and type B prismatic tanks, the operating pressure limitation, 

maximum allowable relief valve setting (MARVS), is a severe limitation with 

regards to handling BOG of CO2. Accordingly, Type C tank is preferable in 

terms of safety. Table 4.1 shows the main characteristics of the different 

pressure vessel types according to the IMO IGC code. 

To improve volumetric efficiency of Type C tank, the concept of bi-lobe 

or even multi-lobe pressure vessel cargo tanks can be adopted. Bi-lobe type 

tank has the advantage that the diameters of cylindrical tanks are considerably 

reduced and the thickness of the wall is also kept to minimum to avoid various 

requirements for thicker plates. Figure 4.1 shows the shape of bi-lobe tank and 

the  
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Table 4.1 Main characteristics of the different pressure vessel types (IMO IGC Code) 

Tank type Description Pressure Pros Cons 

A 

Prismatic tank 

Adjustable to hull shape 

Full secondary barrier 

<0.7 bar g Space-efficient 

Boil-off gas handling needed 

More complex fuel system required 

High costs 

B 

Prismatic tank 

Adjustable to hull shape 

Partial secondary barrier <0.7 bar g 

Space-efficient 

Boil-off gas handling needed 

More complex fuel system required 

High costs 

Spherical tank 

Partial secondary barrier 

Reliably proven in LNG 

carriers 

Boil-off gas handling needed 

More complex fuel system required 

C 

Pressure vessel 

Cylindrical with dished 

ends 

>2 bar g 

Allows pressure 

increase 

Simple fuel system 

Little maintenance 

Easy installation 

Lower costs 

On board space requirements 
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(a). Shape of bi-lobe tank 

 

 

(b). Mid-ship section of 1,500m3 bi-lobe tank (Chiyoda, 2013) 

 

Fig. 4.1 Shape and Mid-ship section bi-lobe type C storage tank 
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mid-ship section of 1,500 m3 bi-lobe tank which was adopted by Chiyoda CCS project (Chiyoda, 

2013). The design pressure and temperature are 3.1 MPa and -10°C, respectively. Bi-lobe tanks 

are quite common on LPG vessels. If the vessel is not beam limited, i.e. to accommodate 

specific ports, locks, etc., the use of bi-lobe tanks can significantly increase capacity. Therefore, 

bi-lobe tanks of Type C in series is preferable for the LCO2 storage of the ship.  

 

4.2.2 Required cooling capacity of BOG handling system 

As tanks cannot have perfect insulation, liquefied CO2 tank absorbs heat continuously due 

to the large temperature differential between the tank and the ambient. Because the state of 

inside the tank can be regarded as thermodynamic equilibrium, the absorbed heat evaporates the 

liquid at the surface with no visible bubble formation. This phenomenon is known as boil-off. 

Boil-off gas which abbreviated as BOG is generated at various places in the supply chain. 

As the generated BOG from cryogenic fluid causes temperature and pressure of the tank to 

be increased without treatment, facilities should be added like re-liquefaction or adsorption 

system for safety. In the case of LNG carrier, this BOG can be used for fuel on the voyage, 

accordingly, the required load for BOG treatment is not so high. However, in case of LCO2 

transport ship, BOG cannot be used for fuel, therefore, it should be decided either treatment or 

vent. Whether BOG is treated or vented, most of all, it may be up to the regulation and the price 

of CO2. Generally, it is known that the CO2 for EOR and EGR should have high purity, thus, the 

price of CO2 can be expensive due to the high cost of production. 

To determine the design capacity of re-liquefaction system, the amount of BOG generation 

and the composition should be calculated or measured. For this, it is most important to derive 

total generated heat from the heat penetration, vibration, etc. The required capacity of re-
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liquefaction system can be determined from the various sources of heat leaks into the system, 

and the several factors affect the boil-off rate; sea conditions in terms of wave, purity of 

cryogenic fluid, ambient temperature, overall thermal transmittance, tank pressure, operating 

mode, etc. (Hasan et al. (2009)). 

The conditions of liquefied CO2 is determined from the liquefaction process on land like 

power plant; mass of production, composition, temperature, etc. Accordingly, before the design 

of BOG handling system, the conditions of liquefied CO2 should be considered. And, the period 

of sailing is important in design of temporary storage and the storage tank of the ship. 

In this study, it is assumed that the CO2 from 10 MW Boryeong power plant to be carried to 

the Middle East area for EOR and EGR. The plant was established for CCS research, 

development and demonstration in 2013 by KEPRI (KEPCO Research Institute). This project 

initially started in October 2010 as a 0.1MW test of the same amine capture process at the same 

site. After a successful operation, it was then expanded to its current 10 MW size. In this plant, 

it is known that the captured CO2 is produced more than 99% purity and 80,000 ton per year. 

The captured CO2 should be transported to the sequestration site. Despite adjacent sea of West 

Sea was considered for sequestration, the site within Middle East was assumed in the present 

study for large scale transportation of the future. 

Generally, oil tanker ships sails between Middle East and South Korea over a period of 

about 38 days which includes round-trip sailing, loading and unloading. It means that the LCO2 

transport ship should carry the volume of captured CO2 as much as 38 days. However, ship 

should have extra capacity in preparation for the regular and irregular inspection, deteriorating 

of weather conditions, etc. In the present study, the ratio of extra capacity was assumed as 30%, 

therefore, the capacity of the ship was for about 50 days. When this condition was applied to 

Bo-ryeong CCS plant, the carrying capacity for LCO2 transport ship was 10,819 ton per 
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revolution which was 10,487 m3 as volume of traffic by the density of LCO2 as 1031.7 kg/m3 at 

the storage temperature of around -20°. When the ullage of the storage tank was assumed as 

90%, volume of storage tank of the ship should be 11,652 m3. The volume of the storage tank 

was assumed as 1,500 m3 per unit as the same as that of Chiyoda project (Global CCS Institute 

(2011)), accordingly, 8 tanks are needed within the ship. Table 4.2 shows the specifications of 

LCO2 transport ship from the Bo-ryeong 10MW plant to the EOR/EGR site on Middle East. 

Generally, the transferred heat to the storage tank is quantified by means of the BOR 

parameter, which is defined as the percentage of the vaporized volume respect to the initial 

LCO2 volume as is shown in equation (4.1).  

 

    =
                         

(                ) 
× 100 (4.1) 

 

And, this equation (4.1) can be converted as equation (4.2) below; 

 

    =
  

   
× 100 (4.2) 

 

This BOR is calculated for a time period of one day. From this, it can be guessed that the 

BOR proportional to the total generated heat QT, and inverse proportional to the volume of the 

tank V, density and heat of vaporization as ρ and L. However, it is reasonable that BOR of the 

large-scale LCO2 transport ship for CCS is inferred from LNG ship because there is no 

reference for this. Table 4.3 shows the relative comparison of conditions for BOR prediction 

under the same total volume of traffic. 

The amount of heat generation QT that is transferred into the tank can be determined on the 
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Table 4.2 Specifications of LCO2 transport ship from the Bo-ryeong 10 MW plant to the 

EOR/EGR site on Middle East 

Parameter Unit Value 

CO2 production 
[ton/year] 80,000 

[ton/day] 219 

Storage temperature [°C] -20 

Sailing period [day] 38 

Carrying capacity [tCO2] 8,322 

Extra capacity [%] 30 

Needed capacity [tCO2] 10,819 

Ullage [%] 10 

Capacity of storage tank [m3] 11,652 

BOR (assumption) [%/day] 0.15 

BOG generation [tCO2/day] 12.48 

Type of tank [-] Bi-lobe 

Volume of one tank [m3] 1,500 

Number of tank [-] 8 
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Table 4.3 Relative comparison of conditions for BOR prediction under the same total volume of 

traffic 

Parameter LNG LCO2 

Latent heat [kJ/kg] a 510.83 282.44 

Density of liquid [kg/m3] a 422.36 1031.7 

Wall thickness Small Large 

Relative surface area Small Large b 

Storage temperature Low High 

a Transport condition: 1.013 bar, -161.48°C (LNG); 19.7 bar, -20°C(CO2) 
b Divided into a few Bi-lobe type tanks 
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basis of detailed thermodynamic analysis of the involved processes, however, an accurate 

determination is very complex. BOR depends on the various conditions; type and size of tank, 

material of tank and insulation, kinds and temperature of fluid, ambient temperature, velocity of 

ship, etc. As the size of the tank increases, BOR decreases because the relative surface area is 

smaller compared to the volume. Good insulation, high latent heat and thick wall of the tank 

decrease the BOR, too. So far, there is no detailed model of the evaporation process which 

comprises all of the mentioned factors. Nevertheless, it is one of the most important points when 

designing cryogenic liquid transport ship. Generally, BOR is empirically estimated on the basis 

of observations of a typical boil-off rate on previously built vessels. 

By considering heat of vaporization, total heat generation, volume of tank and density 

roughly, BOR of the LCO2 transport ship can be anticipated. Heat of vaporization and density 

are 282.44 kJ/kg and 1031.7 kg/m3 at saturation point of -20°C for the case of CO2 in the 

anticipated condition of transportation, while they are 510.83 kJ/kg and 422.36 kg/m3 at 

saturation point of -161.48°C for LNG. In terms of multiplying density and heat of vaporization, 

LCO2 is 35.8% more than LNG. And, total heat generation of LNG may be higher than that of 

LCO2 due to the large difference of storage temperature. However, the volume of one tank of 

LCO2 ship will be smaller than that of LNG ship, because of the higher pressure of LCO2 tank. 

Accordingly, it can be roughly inferred that the BOR of LCO2 transport ship doesn’t have large 

difference compared to that of LNG ship. 

The cases of LNG ship should be used because there are few cases about LCO2 transport 

ship. Typical BOR values for various types of LNG cargo containment system are given in 

Table 4.4. A typical value of BOR is around from 0.10% to 0.15% in case of large-scale LNG 

carrier, and it depends on the type of container and the quality of its thermal insulation, etc. 
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Because there is no reference on the BOR of LCO2 transport ship at similar conditions like size, 

material, type of tank, etc., 0.15% of BOR was used for the present study. 

The generated heat from the storage tank should be eliminated by BOG handling system. 

Equation (4.2) can be converted to the equation (4.3) as below. 

 

 
  =    ×

   

100
 

(4.3) 

 

From the equation (4.3) and the parameters of Table 4.2, the amount of heat generation QT 

can be calculated as 40.8 kW at the case of -20°C storage temperature with 0.15% BOR. 
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Table 4.4 Typical BOR values for various designs of cargo containment system (Hasan et al. (2009); Miana et al. (2010); 

Shin & Lee (2009)) 

Cargo 

containment 

system 

TG 

Mark Ⅲ 

GT 

No. 85, 

No. 82, 

No. 88 

GT 

No. 96 

Kvaener 

Moss 

Rosenberg 

IHI SPB 
TGE 

type C 

BOR[%] 0.13~0.15 0.25 0.15~0.16 0.10~0.15 0.13 0.35~0.45 

Introduction year <1993 

1969 

1971 

1981 

<1994 1973 1965 2004 

Material 
Stainless steel 

AISI 304L 
 

36% Ni steel 

(Invar®) 

Aluminium alloy 

or 9% Ni steel 

Aluminium 

alloy 

9% Ni steel or 

stainless steel 

AISI 304L 

Isolation layer 

Thickness [mm] 
250  250~530 220~300 Abt. 300 300 
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4.3 Case study 

4.3.1 Specifications of LCO2 transport ship 

Table 4.5 shows the results of the case study for re-liquefaction cycle to 

eliminate the generated heat of 2.529 kW at the pure and impure CO2 

conditions with relation to the qualitative study in chapter 3. The results of the 

re-liquefaction system is operated as open cycle and designed under the pure 

CO2 condition with IPODT method. 

In the 10MW Boryeong power plant, CO2 of around 80,000 ton per year 

is produced, which is equivalent to 219 ton per day. As mentioned above, the 

sailing period of the ship can be guessed as 38 days similar to the oil transport 

ship. From this, carrying capacity at one time can be calculated as 8,322ton, 

and this will determine the capacity of storage tank of the ship. Considering 

ullage and extra capacity for conditions like the inspection and weather, 

storage capacity should be more than 11,652 cubic meters. If the 1,500 cubic 

meters storage tank is used for the ship as like Chiyoda project, it can be 

calculated that 8 tanks of bi-lobe type C are necessary for the LCO2 transport 

ship which sails between Boryeong and Middle East area. 

For the effective management of the ship and BOG, storage tank which 

has larger volume is preferable. Generally, smaller number of tanks will result 
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Table 4.5 Cycle calculation of BOG re-liquefaction system for the LCO2 transport ship of Bo-ryeong 10MW power plant 

Composition a 
Work of compression [kW] Cooling capacity 

[kW] 

Mass flow rate 

[kg/s] 
COP 

1st comp 2nd comp Total 

100/0/0 17.7 7.4 25.1 

40.8 

0.265 1.63 

99/1/0 31.4 14.8 46.2 0.410 0.88 

99/0/1 27.0 12.2 39.2 0.369 1.04 

a Composition of molar basis, CO2/N2/O2 
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in the smaller number of equipment; BOG handling and loading/unloading, 

etc. Moreover, space effectiveness can be enhanced, which results in the 

larger volume of traffic. Because of this, tens of thousands of the tank has 

been investigated and developed by a few ship building companies. However, 

safety design and inspection problem like water pressure test should be solved 

for this. In chapter 2 and 3, qualitative study about BOG re-liquefaction 

system was conducted. 

 

4.3.2 Result of case study 

Table 4.5 shows the cycle calculation of BOG re-liquefaction system of 

the LCO2 transport ship for Bo-ryeong 10 MW power plant. In case of pure 

CO2 condition, works of compression of the first and the second stage are 

17.7 kW and 7.4 kW, respectively, with the mass flow rate of 0.265 kg/s for 

gaining required cooling capacity of 40.8 kW. 

However, under the conditions of impure CO2, work of compression and 

needed mass flow rate increase more than those of pure CO2 condition, and it 

means that the COP decreases and the facilities like compressors and heat 

exchangers should be enlarged. Mass flow rates with just 1 mol% impurities 

of nitrogen and oxygen increase from 39.6% to 54.9% more than the case of 
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pure CO2. Mass flow rate of the condition of 1 mol% of N2 with 99% of CO2 

is more than that of the case of 1 mol% of O2 with 99% of CO2. This means 

that the effect of nitrogen on the increase of mass flow rate is larger than that 

of oxygen. 

Figure 4.2 shows the total power of compression and COP according to 

the concentration of re-liquefaction cycle of the case study for 1 mol% N2/99 

mol% CO2 and 1 mol% O2/99 mol% CO2 under the same cooling capacity. 

According to the concentration of impurities, COP decreases as the power of 

compression increases. Under the 2 mol% oxygen with 98% CO2, COP 

decreases about 50.6% compared to that of pure CO2 condition. However, 

under the 2 mol% nitrogen with 98% CO2, COP decreases about 60.2% 

compared to that of pure CO2 condition. From this, it can be known that the 

negative effect of nitrogen is more than that of oxygen.  

Under the fixed cooling capacity of BOG handling system, decrease of 

COP about 50% ~ 60% as shown Fig. 4.2 is very significant, and this cannot 

be ignored. Because the design condition of the BOG re-liquefaction system 

of the LCO2 transport ship will be the required cooling capacity, all facilities 

should be enlarged to meet this like compressors, pipelines, valves, etc. For 

this, prediction of the composition from the CO2 liquefaction plant should be 

well conducted. 
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Fig. 4.2 Total power of compression and COP according to the concentration 

of re-liquefaction cycle of the case study for 1 mol% N2/99 mol% 

CO2 and 1 mol% O2/99 mol% CO2 under the same cooling capacity 
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Figure 4.3 shows the power of compression at each stage according to 

the concentration of re-liquefaction cycle of the case study for 1 mol% N2/99 

mol% CO2 and 1 mol% O2/99 mol% CO2 under the same cooling capacity. 

Total works of compression are from 56.0% to 84.1% more than those of pure 

CO2 condition. In case of just 1 mol% N2 with 99% CO2, the increases of the 

work of compression on the first and the second stage are 77.2% and 100.4%, 

respectively. These values are very high, and cannot be regarded as the 

allowable range. Accordingly, in the stage of design, the increase of work 

should be considered.  

Generally, design condition of the BOG handling system is the cooling 

capacity caused by heat penetration. It means that the BOG handling system 

should be designed under the fixed condition of required cooling capacity. 

Therefore, if the performance decreases as the increase of impurities, mass 

flow rate should increase to satisfy the required cooling capacity. Figure 4.4 

shows required mass flow rate of re-liquefaction cycle according to the 

concentration of the case study for 1 mol% N2/99 mol% CO2 and 1 mol% 

O2/99 mol% CO2 under the same cooling capacity. At the conditions of just 1 

mol% nitrogen and oxygen with 99% of CO2, mass flow rates increase 54.9% 

and 39.6% compared to the case of pure CO2, respectively. If they are 2 mol% 

each with 98% CO2, their increases are 83.9% and 64.8%, respectively. 
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Fig. 4.3 Power of compression at each stage according to the concentration of 

re-liquefaction cycle of the case study for 1 mol% N2/99 mol% CO2 

and 1 mol% O2/99 mol% CO2 under the same cooling capacity 
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Fig. 4.4 Required mass flow rate of re-liquefaction cycle according to the 

concentration of the case study for 1 mol% N2/99 mol% CO2 and 1 

mol% O2/99 mol% CO2 under the same cooling capacity 

 

 

  

0.2

0.3

0.4

0.5

0.0 0.5 1.0 1.5 2.0

0 mol%, N
2

0 mol%, O
2

M
a

s
s 

fl
o
w

 r
a

te
 [
k
g
/s

]

Concentration [%]



 

143 

 

This means that the components of the re-liquefaction system like 

pipeline, valves and compressors should be enlarged. This will cause the 

inefficiency of cargo treatment as treated in chapter 3. 

Form the above investigation, it can be known that the N2 as impurity on 

the re-liquefaction cycle of LCO2 transport ship influences negatively in the 

view of cycle performance and cycle characteristics on the balance of 

compression system, compactness under the condition of constant cooling 

capacity. Just small amount of impurities affects significantly on the re-

liquefaction cycle. Therefore, it can be known that the information about CO2 

composition from the liquefaction plant is very important when designing re-

liquefaction system of LCO2 transport ship. Additionally, it can be known that 

cycle modification for improving COP should be adopted because the simple 

cycle has low performance. 

For treating the BOG generation of 12.48 tCO2 per day, electric power of 

25.1kW is needed for compressors in the pure CO2 condition. If diesel engine 

is used, carbon emission factor of 0.715 tCO2/MWh can be used (IEA, 2013). 

From this, it can be derived that the CO2 emission from the BOG re-

liquefaction system is about 0.7 tCO2 per day, which is 5.6% of the treated 

BOG. Accordingly, it can be known that the BOG re-liquefaction system can 

save 94.4% of CO2 compared to the amount of BOG generation. If the 
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generated CO2 from the process of liquefaction and conditioning on land is 

considered, saving ratio can be more increased. 

 

4.3.3 Economic feasibility 

Because there is no similar case to the LCO2 transport ship of the present 

study, LNG carriers should be inferred for the quantitative analysis. As for 

LNG carriers, there seems no clear relation between deadweight and carrying 

capacity. For example, 16,500 m3 LNG carrier of GTT (Gaztransport & 

Technigaz) has 8,600 ton of deadweight, however, that of 10,000 m3 of IMS 

(Innovative Marine Solutions) has 10,600 ton of deadweight. The weights of 

compressor and heat exchanger can be roughly derived by using Aspen 

process economic analyzer as 27.4 ton and 5.5 ton, respectively. Assumed that 

the deadweight of LCO2 transport ship to be 8,600 ton as like GTT LNG 

carrier, weights of compressor and heat exchanger have 0.3% and 0.06% 

compared to that of the ship. Accordingly, it can be derived that the decrease 

of one stage compression has an effect on the weight of ship by the ratio of 

0.4% in considering main equipment of compressor and heat exchanger, and 

total weight of BOG re-liquefaction system will be 1~2% compared to 

deadweight of LCO2 transport ship. Even if this is not critical compared to the 
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weight of the ship, cycle optimization to decrease the number of compression 

stage is meaningful because there is little degree of freedom to decrease 

deadweight of the ship. 

For the economic feasibility, CAPEX (Capital Expenditure) and OPEX 

(Operational Expenditure) should be derived. As for the CAPEX, there are 

several methods available for the estimation as shown in Table 4.6 (Peters, 

2003). The method of detailed item estimate determines all costs in the 

CAPEX using complete drawings and specifications, combined with vendor 

quotes. This method is only applicable after the completion of the detailed 

design and the accuracy is expected to be within ±5%. The method of unit 

cost estimate quotes the cost using previous cost data from similar plants. This 

method can only be used when accurate records are available from previous 

experiences, and is subject to a ±10 ~ 20% error. After determining the 

equipment cost, the remaining items included in the CAPEX are estimated as 

the percentage of delivered equipment cost. The expected accuracy is in the 

range of ±20–30%. Because there is few data for the detailed item estimate 

and the unit cost estimate, this study relies on the percentage of delivered 

equipment cost method. In the present study, the costs of compressor and heat 

exchanger are regarded as the fiducial value and they are derived as $130,000 

and $460,000, respectively by Aspen process economic analyzer (Seo et. al., 
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2015). Therefore, in two stage compression re-liquefaction cycle, total main 

equipment cost can be derived as $1,180,000 for two compressors and two 

heat exchangers. Because the BOG re-liquefaction system can be mounted on 

the top-side of the LCO2 transport ship, it is assumed that the cost for 

common use of the ship fabrication are excluded except for purchased 

equipment delivered, instrumentation and controls, piping and electrical 

systems as shown in Table. 4.7. Consequently, CAPEX can be derived as 

$2,500,000 for the BOG re-liquefaction system of the LCO2 transport ship, 

which is 215% of the cost of main equipment. If the price of LCO2 transport 

ship is one hundred million dollar, it can be guessed that the CAPEX of BOG 

re-liquefaction system will be about 2.5% of the ship. Therefore, the effect of 

unit stage of compression on the price of the ship can be about 1.25%. 

The OPEX includes the costs incurred after the occupation of the plant, 

and this is the expense required to run the plant under normal conditions, 

including operating labor, direct supervisory and clerical labor, utilities, 

maintenance and repairs, operating supplies, local taxes, insurance, and plant 

overhead costs. In the present study, it is assumed the cost of maintenance and 

repair are used for OPEX calculation, and other items can be excluded as 

common use with ship operation. The cost of maintenance and repair are 

generally 7%, however, it can be decreased due to the common maintenance 
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and repair with other top-side facilities. Therefore, they are assumed to be 

annually 2% of CAPEX in this study. 

Most important factor for economic feasibility of the present study is the 

cost of LCO2, however, there has been few data about this because there is no 

trading market until now. The cost of LCO2 will be influenced by the 

regulation of greenhouse gas emission, purity of CO2, cost of liquefaction and 

conditioning, carrying distance, etc. EU ZEP prospected that the CO2 capture 

cost range is from €30 to €35 per ton of CO2 including the capture process, 

plus the conditioning and compression/liquefaction of the captured CO2 

required for transport in the early 2020s. And it suggested also the cost of ship 

transport would be about €11/ton for 180 km, €12/ton for 500 km and €16/ton 

for very long distances (1,500 km), including liquefaction (EU ZEP, 2011). 

Because this cost is for the future and large-scale power plant, in the present 

study, it was assumed that 50% extra cost could be added, and the value of 

1.35 as the ratio of currency exchange was applied from EUR to USD. Cargo 

sailing period was assumed half of the year by considering the vacant return 

period. As shown in Table 4.8, IRR (Internal Rate of Return) of the re-

liquefaction system of the present case study shows 4.1%. However, it is 

expected that this value of IRR will be higher than that of the present study in 
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real case due to the extra margin added to the cost, higher purity of the LCO2 

for EOR and EGR, lower CAPEX by enlargement of the ship, etc. 
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Table 4.6 Types of cost estimation (Peters, 2003) 

Item Remark 

Detailed item estimate 

All items in the direct and indirect cost are 

evaluated with as much detail as possible. All 

specs are known 

( ± 5% accuracy, contractor’s estimate) 

Unit cost estimate 

Prices from quotations or index-corrected 

records 

(±10-20% accuracy, definitive or preliminary 

estimate) 

Percentage of 

Delivered equipment cost 

All items in the direct and indirect cost are 

evaluated as a percentage of the delivered-

equipment cost 

(± 20~30%, definitive estimate in certain cases) 
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Table 4.7 Ratio factors for estimating capital investment items based on 

delivered-equipment cost (Peters, 2003) 

Parameter 
Percentage of delivered-

equipment cost for fluid 
processing plant [%] 

Direct costs 

Purchased equipment delivered 100 

Purchased-equipment installation 47 

Instrumentation and controls 36 

Piping 68 

Electrical systems 11 

Buildings 18 

Yard improvements 10 

Service facilities 70 

Total direct costs 360 

Indirect costs 

Engineering ad supervision 33 

Construction expenses 41 

Legal expenses 4 

Contractor’s fee 22 

Contingency 44 

Total indirect cost 144 

Fixed capital investment 504 
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Table 4.8 Result of economic feasibility 

Parameter Unit Value 

Cost of CO2
 a

 [USD/tCO2] 103 

Daily BOG generation [tCO2/day] 12.48 

Daily cost of BOG [USD/day] 724 

Sailing period with cargo [day] 182.5 

Yearly cost of BOG [USD/yr] 132,100 

Lifetime of carrier [yr] 20 

IRR b [%] 4.1 

a including liquefaction and transportation 
b Internal Rate of Return 
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4.4 Summary 

In the present study, case study was conducted about the application of 

the re-liquefaction cycle to CCS plant of 10MW power generation plant 

which was equivalent to the Bo-ryeong demonstration power plant under the 

condition of fixed re-liquefaction capacity of the storage tank. It was assumed 

that the total amount of CO2 was liquefied, and stored temporarily in the 

storage tank on land during the round-trip sailing period of the LCO2 transport 

ship. It was assumed that just one ship sailed between South Korea and 

Middle East for EOR and EGR. 

Main issue for designing re-liquefaction system is the exact BOR 

calculation for determining generated heat to be eliminated. Moreover, BOR 

influences the speed of the pressurizing of the storage tank. Because of this, 

BOR should be inferred reasonably. However, it is very difficult because BOR 

is affected many factors like insulation, sailing condition, ambient air, etc. So 

far, there is no detailed model to predict BOR exactly. In the present study, 

BOR was inferred by the comparison with LNG ship which exists many real 

cases. By comparing some main factors to determine BOR, BOR and required 

cooling capacity were derived. However, the prediction model for BOR 

calculation should be investigated to design BOG handling system for LCO2 

transport ship. 
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For the cargo containment efficiency, it is known that bi-lobe type C tank 

is preferable, and many related companies like ship-building and energy 

supply have developed this. 

After cooling capacity caused by heat penetration to the storage tank is 

derived, the capacity and BOG handling system can be determined. After 

liquefaction and conditioning, there exists small amount of impurities like 

nitrogen, oxygen, etc. In the present study, the effects of the impurities on the 

re-liquefaction cycle was investigated under the condition of fixed cooling 

capacity. From this, it was known that the cycle was influenced negatively at 

the conditions of just small amount of impurities compared to pure CO2 

condition. Under the method of compression selection of IPODT, impurities 

tends to lower the performance of the re-liquefaction cycle by increase of 

power of compression. If considering impurities, required mass flow rate of 

the open cycle increases, therefore, equipment like pipeline, valves and 

compressors should be enlarged. It means that the conditioning on the land 

can influence the compactness and efficiency of the re-liquefaction system of 

the ship. 
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Chapter 5. Concluding remarks 

 

Nowadays, carbon capture and sequestration (CCS) technologies are 

regarded as the key means of solving the climate change problem. CCS means 

the process of capturing carbon dioxide from large point sources such as 

power plants, transporting it to a sequestration site, and depositing it into 

normally underground geological formation. Among them, great attention has 

been paid attention to the enhanced oil recovery (EOR) and the enhanced gas 

recovery (EGR) in the view of economic sense and large handling capacity. 

However, the sites which are suitable for large-scale capture and sequestration 

are usually far from each other. If the distance is far and there is lake or sea 

between them, ship is effective option. For large-scale and long distance 

transportation, CO2 should be liquefied and conditioned. For the LCO2 

transport ship, boil-off gas will be generated by the penetrated heat during the 

sailing, and this should be treated. In the present study, re-liquefaction cycle 

for LCO2 transport ship was investigated under the condition of open cycle 

which meant that the boil-off CO2 was acted as refrigerant. 

For designing compact and reliable re-liquefaction system, compressor 

selection methods were investigated. For compactness, number of stages for 

compression of re-liquefaction cycle should be decreased. However, as 
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number of compressors decreases, reliability problem may appeared mainly 

due to the increase of discharge temperatures of compressors. The method of 

IPODT (Intermediate pressure optimization with same discharge temperature) 

is preferable in terms of performance and reliability. 

After liquefaction and conditioning of CO2, small amount of impurities 

exits in the liquefied CO, and this may influence negative effects on the re-

liquefaction cycle. In the present study, the effects of representative impurities 

of nitrogen and oxygen were investigated under the conditions of IPODT. 

From this study, it can be known that the small quantities of impurities may 

increase the risk of the re-liquefaction system and decrease the system 

performance. It means that the cost of transport by the ship will be 

significantly influenced by the purity of liquefied CO2, accordingly, the purity 

may be one of the main factors to determine the price of CO2 in the future. 

Case study was conducted on the application of the re-liquefaction cycle 

to CCS plant of 10MW power generation plant. Ship was assumed to sail 

between South Korea and Middle East for EOR and EGR. Re-liquefaction 

cycle will be designed under the fixed cooling capacity, therefore, exact 

calculation about BOR and BOG is necessary. Impurities will enlarge the 

system capacity because of the low performance. 
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 문 초  

본 연 에 는, LCO2 수 을 위한 재액  사이클의 

압축시스템 정 식을 해 적 연 를 통해 고찰하 다. 일 적으  

사 는 SCR(동일압축비) 식은 IPO( 간압 최적 ) 식에 

비해 능 뿐 아니라 압축기 토출  과다에 른 일열  

상과 한 신  측면에  좋  않은 결과를 보 다. IPO 는 

본 연 에  검토   가  식  가장 높은 율을 보 으나, 

SCR 과 마찬가  압축기의 신 을 보장할 수 없는 것으  

나타났다. 본 연 에  제안 IPODT(압축기 토출 가 동일한 

간압  최적 ) 식은 IPO 식에 비해 5% 정 의 낮은 율 

감 에  하고 압축기 신 을 보장할 수 있음을 알 수 

있었다. 결과적으 , LCO2 수  재액  사이클의 압축시스템을 

정하는 경  IPODT 식을 사 하는 것이 람 한 것으  

나타났다. 

저장  LCO2 에는 리 , 연 전 , 연 정  등에 라 N2, 

O2, Ar, H2O, SOx  NOx 등의 순물이 함유 어 있다.   

저장 에 라 이러한 순물의 일 는 제거 어야 하나, 

정제과정이 끝난 이 에  LCO2 내에 량의 순물이 남게 고 

이는 재액  사이클의 능  신 에 향을 미치게 다. 본 
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연 에 는 표적인 순물인 N2  O2 가 재액  사이클에 미치는 

향을 시뮬 이 을 통해 고찰하 다. 순물이 함유  경 는 

순수한 CO2 사이클에 비해 냉 능 이 감 하고 압축일이 가함에 

라 COP 가 감 하는 것으  나타났다. 동일한 비율이 함유 어 

있는 경 , N2 에 의한 능 감 가 O2 에 비해  큰 것으  

나타났다. 순물은 압축기 토출 압 을 높이는 것으  나타났으나, 

높은 토출  인한 신  문제의 위험을 높이 는 않는 것으  

나타났다. 

마 막으 , 10MW 급 전 의 CCS 플랜트를 기 으  한 

재액  사이클의 케이스 연 를 수행하 다. LCO2 수 을 

계하기 위해 는 열생 량을 파악할 수 있는 BOR 의 산정이 

하다. 본 연 에 는 상  LNG 으 터 추   

냉동능   BOR 을 탕으  정량적인 연 를 수행하 다.  

출  모든 CO2 는 액   육상에  일시적으  저장 었다가 

EOR  EGR 을 위해 한민 으 터 동으  주기적으  

는 것으  가정하 다. 

 

주 어: CCS, 재액 , 순물, EOR, EGR, Ullage, COP, BOG 

학  : 2009-31249 
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