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Abstract: Carbon capture and storage (CCS) technology is one of the practical solutions for 

mitigating the effects of global warming. When captured CO2 is injected into storage sites, 

the CO2 is subjected to a heating process. In a conventional CO2 injection system, CO2 cold 

energy is wasted during this heating process. This study proposes a new CO2 injection 

system that takes advantage of the cold energy using the Rankine cycle. The study compared 

the conventional system with the new CO2 injection system in terms of specific net power 

consumption, exergy efficiency, and life-cycle cost (LCC) to estimate the economic effects. 

The results showed that the new system reduced specific net power consumption and yielded 

higher exergy efficiency. The LCC of the new system was more economical. Several cases 

were examined corresponding to different conditions, specifically, discharge pressure and 

seawater temperature. This information may affect decision-making when CCS projects  

are implemented. 

Keywords: carbon capture and storage; CO2 injection; cold energy recovery;  

Rankine cycle; exergy efficiency; life-cycle cost 
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1. Introduction 

Global warming caused by greenhouse gases is a significant issue. The Intergovernmental Panel on 

Climate Change (IPCC) reported that the emissions of greenhouse gases grew more quickly between 

2000 and 2010 than in any of the three previous decades, and it is essential to lower emissions by 40 to 

70 percent compared with 2010 by mid-century [1]. Many possible solutions for minimizing the effects 

of global warming can be categorized as low-carbon technologies, including using renewable energy, 

saving energy and improving system efficiency in industry. Among these efforts, carbon capture and 

storage (CCS) technology has been acknowledged as one of the most practical methods for reducing 

CO2 emissions [2]. 

CCS technology mitigates CO2 emissions from large-emission sources by capturing and isolating 

CO2. There are many ongoing injection projects in the world, and the following storage sites are regarded 

as reasonable candidates for injecting the CO2 after it has been isolated: a depleted gas/oil reservoir, 

where the CO2 is used for enhanced oil recovery (EOR), or a geological formation, such as a saline 

aquifer [3,4]. 

An injection system injects CO2 into a geological storage site and consists of a pressurization and 

heating process to prevent operational problems [5–7]. In the heating process, the temperature of the 

CO2 is increased by a heating medium, and the CO2 releases its cold energy into the medium; seawater 

is typically employed as the heating medium in offshore installations or power plants located close to 

the open sea [8]. The energy from the difference between the temperature of the freezing source and the 

environmental temperature is called cold energy, and this cold energy is wasted during the heating 

process in the conventional injection system. 

The liquefied natural gas (LNG) industry has some practical applications for using cold energy.  

The LNG cold energy is utilized during regasification, which changes the phase of the natural gas from 

liquid to vapor. There are two ways to take advantage of LNG cold energy: direct and indirect. The direct 

method includes the liquefaction of oxygen and nitrogen, the production of dry ice, and frozen food 

complexes. The indirect method creates electrical power from the LNG cold energy. In this study, we 

examined indirect use. A power-generation cycle with cold-energy recovery is typically installed in LNG 

receiving terminals. Choi et al. [9] proposed the concept of a cascade Rankine cycle, which recovers 

LNG cold energy for use in power generation. This study showed the cascade Rankine cycle exhibited 

better performance than other conventional power cycles, including a direct expansion cycle, an organic 

Rankine cycle, and a combined cycle. Shi et al. [10] proposed a combined-power system that consisted 

of a Rankine cycle with an ammonia-water mixture as the working fluid and an LNG power generation 

cycle to utilize LNG cold energy. They performed several parametric analysis to improve the efficiency 

of the system. Wang et al. [11] refined a combined-power cycle, which can recover low-temperature 

waste heat by harnessing LNG cold energy, and optimized the operating parameters in terms  

of thermodynamics. 

Although many studies have addressed electricity generation using LNG cold energy, no studies have 

focused on using CO2 cold energy during injection. Other studies developed solutions for general 

problems that arise during the injection. Vilarrasa et al. [12] proposed injecting CO2 in a liquid state 

rather than a super critical state and showed that the proposed way is more favorable. Hosa et al. [3] 

studied recent work on practical injections of CO2 and investigated geologically relevant parameters of 
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each project, including depth, reservoir quality and injectivity, cost, and rate. Michael et al. [4] reviewed 

the experience gained from pilot and commercial injection projects covering a detailed examination of 

data from existing projects, an assessment of monitoring technologies, and potential issues associated 

with scaling up to multi-well, commercial CO2 injection schemes. Krogh et al. [6] simulated a dynamic 

model of injection for liquefied CO2. 

This study proposes a new CO2 injection system with cold energy recovery and compares the specific 

net power consumption, the exergy efficiency and the economic effects of the new system with those of 

the conventional system. The system is based on a CO2 injection system in a ship-based CCS chain that 

stores the contents in a geological formation. After describing the main features of the conventional 

system, the new system is proposed. To evaluate the system efficiency, the specific net power consumption 

and exergy efficiency are analyzed. To estimate the economic effects, the life-cycle cost (LCC) is 

analyzed. Furthermore, a sensitivity analysis is investigated with respect to discharge pressure and 

seawater temperature. 

2. Description of Injection System 

2.1. System 1: Conventional Injection System 

There are several existing injection models. A report by Chiyoda Corp. described the injection flow, 

which was composed of pressurization and heating. Liquid CO2 was pressurized and heated from  

−10 °C and 26.5 bar to 5 °C and 100 bar. In this report, seawater was utilized to increase the temperature 

of the liquid CO2 [13]. The injection concept suggested by Aspelund et al. contained a pump and a  

heater to process the CO2 from −52 °C and 6.5 bar to 15 °C and 200 bar. This study also explained the 

applicability of seawater as a heating medium. However, another type of heating system was considered, 

because the temperature of the seawater was too low in the North Sea; the low temperature can freeze 

heat exchangers [14]. The injection model used by European technology platform for zero emission 

fossil fuel power plants (ZEP) pressurized and heated the CO2 from −55 °C and 7 bar to 0 °C 60 bar 

using onboard waste heat [15]. Espen Krogh simulated two injection fields in Norway: Snøhvit and 

Sleipner. In the Snøhvit and Sleipner fields, the liquid CO2 went through the injection process from  

−53 °C and 8 bar to 0 °C and 124 bar and from −20 °C and 20 bar to 0 °C and 118 bar respectively [6].  

Figure 1 shows a process-flow diagram for a conventional injection system employing seawater in 

the heating system. Liquefied CO2 is stored in a storage tank on the CO2 carrier at a condition near the 

triple point, 5.2 bar and −57 °C. First, a pump pressurizes the CO2 pressure to a target pressure. After 

pressurization, the CO2 is heated with sea water. Finally, the pressurized and warmed CO2 is injected 

into a geological formation. The stream data presented in Figure 1 is the case assumed in this study. 

Pressurization and heating are utilized to avoid several operational problems. First, the pressurization 

serves to overcome the bottom-up pressure of the storage site and to avoid a phase transition [5]. Second, 

heating serves to prevent hydrate formation and icing during the injection [6]. A hydrate can form if 

there is water in the CO2 flow or in the reservoir at a low temperature [7]. Such a formation precipitates 

the breakdown of pipelines or processing facilities, including the pump. Therefore the cold CO2 needs 

to be warm by exchanging heat with the heating medium. 
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Figure 1. Conventional injection system. 

 

In this heating process, the wasted CO2 cold energy is estimated as 33.6 million kWh when 1 million 

tons of CO2 is treated annually. When the CO2 is pressurized and heated to a target conditions of 5 °C 

and 100 bar, the cold energy in CO2 is approximately 120.8 kJ/kg, which equals a power output of  

33.6 kWh per ton of CO2. This value indicates sensible heat. This amount of energy is lower than that in 

the application of LNG cold energy, which consumes approximately 864 kJ/kg including sensible heat 

and latent heat [16]. The CO2 cold energy may be recovered, but it is absorbed into the seawater with no 

useful effects. 

2.2. System 2: New Injection System with a Rankine Cycle 

This study proposes a new injection system to recover wasted cold energy. The new injection system 

uses the conventional pressurization and heating mechanisms. However, as shown in Figure 2, the new 

system employs a Rankine cycle. In the process, the liquefied CO2 is pressurized. After pressurization, 

it is heated in advance by a working fluid utilized in the Rankine cycle. This working fluid should be 

warmer than the liquefied CO2 to absorb the cold energy from the CO2 flow. In most cases, the warmed 

CO2 is heated again by seawater because its temperature remains too low to prevent hydrate formation. 

The stream data presented in Figure 2 is the case assumed in this study. 

Figure 2. New injection system. 
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The Rankine cycle generates electrical power and comprises four processes: heat absorption, 

expansion, heat discharge, and compression. As shown in Figure 3, the pressure-enthalpy diagram of 

ammonia explains a sequential process in the Rankine cycle. First, the working fluid is vaporized by 

absorbing the heat from the seawater to force vapor to enter into a turbine (B→C). After vaporization, 

the working fluid expands through the turbine, thereby reducing the pressure and the temperature 

(C→D). In this process, electrical power is produced. This electrical power represents the difference in 

the enthalpy between points C and D. The exhausted working fluid is condensed from the cold energy 

received from the CO2 liquid (D→A) and is pressurized (A→B). 

Figure 3. P-h diagram of working fluid. 

 

Ammonia serves as the working fluid of the Rankine cycle in the new injection system because it 

yields the highest performance in terms of power generation. Three working fluids are examined, and 

they can cause a phase transition between vapor and liquid inn the temperature range of the injection 

system. Although several considerations may be involved in selecting a working fluid, only the amount 

of power generation is considered here, which is summarized in Table 1. 

Table 1. Characteristics of the working fluid. 

Working fluid Boiling point (°C) Produced work per mass (kJ/kg) 

C3H8 (Propane) −42 65.4 

C4H10 (i-Butane) −13 23.9 

NH3 (Ammonia) −33 121.9 

3. Comparison Approaches  

3.1. Basis of Simulation 

To investigate the system performance and economic effects, a process simulation is conducted using 

commercial code HYSYS, with Table 2 enumerating the required assumptions. The Ulleung Basin in 

the East Sea of Korea is assumed to be the storage location, and its environmental conditions  

are considered. 
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Table 2. Assumptions underlying the process simulation. 

Item Note 

Location Ulleung Basin in the East Sea of Korea 

Composition of CO2 Pure CO2 

Inlet conditions 8 bar, −53 °C 

Outlet conditions 100 bar, 5 °C 

Flow rate 580 ton/h 

Seawater temperature 16.6 °C 

Discharge pressure of seawater pump 3 bar 

Discharge seawater temperature ±3 °C 

Equation of state Peng-Robinson 

Turbine efficiency 80% 

Pump efficiency 75% 

Working fluid NH3 

3.2. Specific Net Power Consumption and Thermal Efficiency 

Specific net power consumed in a system is an appropriate measure for comparison. The specific 

power (𝑤̇) is defined as work divided by unit mass (ton): 

𝑤̇ =  𝑊̇ 𝑚⁄  (1) 

The specific net power consumption (𝑤̇𝑛𝑒𝑡) is defined as the difference between the power output and 

the power input: 

𝑤̇𝑛𝑒𝑡 =  𝑤̇𝑜𝑢𝑡𝑝𝑢𝑡 − 𝑤̇𝑖𝑛𝑝𝑢𝑡 (2) 

𝑤̇𝑜𝑢𝑡𝑝𝑢𝑡 indicates the power produced by the system per unit mass. The power output is generated in 

the shaft work performed by the turbines utilizing CO2 cold energy: 

𝑤̇𝑜𝑢𝑡𝑝𝑢𝑡 =  ∑ 𝑤̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒,𝑖 

𝑖

 (3) 

where 𝑤̇𝑖𝑛𝑝𝑢𝑡 indicates the required power into the system per unit mass. This power input is supplied 

at the pumps to boost the CO2, the working fluid, and the heating medium: 

𝑤̇𝑖𝑛𝑝𝑢𝑡 =  ∑ 𝑤̇𝑝𝑢𝑚𝑝_𝐶𝑂2,𝑖 

𝑖

+  ∑ 𝑤̇𝑝𝑢𝑚𝑝_𝑊𝐹,𝑖 

𝑖

+  ∑ 𝑤̇𝑝𝑢𝑚𝑝_𝑆𝑊,𝑖 

𝑖

 (4) 

The thermal efficiency refers to energy efficiency, specifically to how well an energy conversion is 

achieved. The definition of thermal efficiency depends on the type of system being examined. When a 

system receives heat and generates work, its thermal efficiency (𝜂𝑡ℎ) is defined as: 

𝜂𝑡ℎ =  𝑊̇𝑛𝑒𝑡 𝑄̇𝑖𝑛𝑝𝑢𝑡⁄  (5) 

System 1 has no energy conversion, whereas system 2 produces electrical power from the cold energy. 

The thermal efficiency of system 1 becomes 0 because the system only consumes work and heat,  

whereas the system 2 assumes a certain value for its non-zero specific net power. 
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3.3. Exergy Efficiency 

Exergy is defined as a measure of the maximum potential of a system to perform work. This maximum 

potential indicates the maximum useful work that is obtainable from a system at a given state in a given 

environment. In other words, any system in a state different from the environment contains exergy and 

is capable of performing work. Exergy (𝐸𝑥̇) is calculated using the following equation: 

𝐸𝑥̇ =  𝑛̇(ℎ − 𝑇0𝑠) − 𝑛̇0(ℎ0 − 𝑇0𝑠0) (6) 

The exergy efficiency can be determined for part of a certain process as a control volume, though 

there is no work interaction between the system and the surroundings. This provides advantages to 

comparing the performance of the systems in which we are interested; system 2 produces work using a 

heat source in its surroundings, but system 1 has no work output. Therefore, exergy efficiency is required 

to estimate the different features of the system. The control volume of systems 1 and 2 is presented in 

Figure 4. 

Figure 4. Control volume of each system. (a) System 1; (b) System 2. 

 

 
(a) (b) 

The general exergy efficiency (𝜂𝑒𝑥) is calculated as the ratio between the exergy gained and the 

exergy expended: 

𝜂𝑒𝑥 =  
∑ 𝐸𝑥𝑒𝑟𝑔𝑦 𝑔𝑎𝑖𝑛𝑒𝑑

∑ 𝐸𝑥𝑒𝑟𝑔𝑦 𝑒𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒
 (7) 

Then, exergy gained in a system and exergy loss in each equipment are: 

∑ 𝐸𝑥𝑒𝑟𝑔𝑦 𝑔𝑎𝑖𝑛𝑒𝑑 = ∑ 𝐸𝑥𝑒𝑟𝑔𝑦 𝑒𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒 − ∑ 𝐸𝑥𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑠 (8) 

∑ 𝐸𝑥𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑠 = ∑ 𝑛̇𝑖𝑛 𝑒𝑥𝑖𝑛 − ∑ 𝑛̇𝑜𝑢𝑡 𝑒𝑥𝑜𝑢𝑡 + ∑ 𝑄̇𝑖 (1 −
𝑇0

𝑇𝑖
)

𝑖

+ ∑ −𝑊̇𝑗

𝑗

 (9) 

Finally, the exergy efficiency is arranged: 

𝜂𝑒𝑥 = 1 −
∑ 𝑛̇𝑖𝑛 𝑒𝑥𝑖𝑛 − ∑ 𝑛̇𝑜𝑢𝑡 𝑒𝑥𝑜𝑢𝑡 + ∑ 𝑄̇𝑖 (1 −

𝑇0

𝑇𝑖
)𝑖 + ∑ −𝑊̇𝑗𝑗

∑ 𝐸𝑥𝑒𝑟𝑔𝑦  𝑒𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒
 (10) 

In the CO2 injection system, the exergy expenditure is divided into two parts. One part refers to the 

work supplied to the system, and the work is a type of perfect exergy, which can be utilized fully.  
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The other part refers to the difference between the exergy entering and the exergy leaving the system 

with respect to the CO2 flow. This exergy expenditure decreases as the process occurs, and the exergy 

gained is lower than the exergy expended because of the irreversibility of the equipment. 

In the numerator, the first two terms represent the exergy entering and leaving the system with a 

certain flow rate (𝑛̇). The third term is the net power obtainable from the heat transfer (𝑄̇𝑖), and the final 

term is the net power supplied to the system (𝑊̇𝑗). There is no heat transfer in the two systems, so the 

heat transfer term is eliminated. System 2 produces electrical power. Therefore, net power supplied to 

the system (−𝑊̇) decreases. 

Finally, the exergy efficiency of each system is defined by the following equations: 

System 1 

𝜂𝑒𝑥 =  1 − 
𝑛̇𝑖𝑛𝑒𝑥𝐶𝑂2 𝑖𝑛 −  𝑛̇𝑜𝑢𝑡 𝑒𝑥𝐶𝑂2 𝑜𝑢𝑡 + 𝑛̇𝑖𝑛𝑒𝑥𝑆𝑊 𝑖𝑛 −  𝑛̇𝑜𝑢𝑡𝑒𝑥𝑆𝑊 𝑜𝑢𝑡 +  𝑊̇𝑝

𝑛̇𝑖𝑛𝑒𝑥𝐶𝑂2 𝑖𝑛 −  𝑛̇𝑜𝑢𝑡𝑒𝑥𝐶𝑂2 𝑜𝑢𝑡 + 𝑊̇𝑝

 (11) 

System 2 

𝜂𝑒𝑥 = 1 −
𝑛̇𝑖𝑛𝑒𝑥𝐶𝑂2 𝑖𝑛 − 𝑛̇𝑜𝑢𝑡𝑒𝑥𝐶𝑂2 𝑜𝑢𝑡 + ∑ 𝑛̇𝑖𝑛 𝑒𝑥𝑆𝑊 𝑖𝑛 − ∑ 𝑛̇𝑜𝑢𝑡 𝑒𝑥𝑆𝑊 𝑜𝑢𝑡 + ∑ 𝑊̇𝑝 − 𝑊̇𝑡

𝑛̇𝑖𝑛𝑒𝑥𝐶𝑂2 𝑖𝑛 −  𝑛̇𝑜𝑢𝑡𝑒𝑥𝐶𝑂2 𝑜𝑢𝑡 + ∑ 𝑊̇𝑝

 (12) 

Exergy loss (Δ𝐸𝑥̇𝑙𝑜𝑠𝑠), which indicates exergy destruction, necessarily occurs in systems because of 

heat transfer, fluid friction, and energy dissipation with respect to the surrounding environment. The 

following equations present the exergy loss in different equipment. The exergy loss in each piece of 

equipment includes the exergy difference between the inlet and outlet. Here, the power consumed in a 

pump is added to the calculation of the exergy loss for a pump. In contrast, the power produced in a 

turbine is subtracted from the exergy loss of a turbine [17]: 

Pump: 

Δ𝐸𝑥̇𝑙𝑜𝑠𝑠 =  𝑛̇(𝑒𝑥𝑖𝑛 − 𝑒𝑥𝑜𝑢𝑡) +  𝑊̇𝑝 (13) 

Turbine: 

Δ𝐸𝑥̇𝑙𝑜𝑠𝑠 =  𝑛̇(𝑒𝑥𝑖𝑛 − 𝑒𝑥𝑜𝑢𝑡) −  𝑊̇𝑡 (14) 

Heat exchanger: 

Δ𝐸𝑥̇𝑙𝑜𝑠𝑠 =  ∑ 𝑛̇𝑖

𝑛̇

𝑖=1

(𝑒𝑥𝑖,𝑖𝑛 − 𝑒𝑥𝑖,𝑜𝑢𝑡) 
(15) 

3.4. Life-Cycle Cost 

The life-cycle cost (LCC) method is employed to compare two systems. Although system 2 has higher 

system efficiency than system 1, it may not be cost effective. Therefore, it is important to estimate its 

economic effects. LCC analysis is an economic method for estimating all costs arising from the 

ownership, operation, and maintenance of equipment. These costs are organized as capital expenditures 

(CAPEX) and operational expenditures (OPEX). CAPEX are incurred when a business spends money 

to buy fixed assets, i.e., non-consumable parts for the system. OPEX are the costs required to operate a 

business or a system: 
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𝐶𝐿𝐶𝐶 =  𝐶𝐶𝐴𝑃𝐸𝑋 +  𝐶𝑂𝑃𝐸𝑋 (16) 

Only the costs of process facilities are considered to calculate the CAPEX in this study because  

the facilities are installed on the CO2 carrier. The costs are calculated with the commercial code,  

Aspen Economic Analyzer: 

𝐶𝐶𝐴𝑃𝐸𝑋 =  𝐶𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑖𝑒𝑠 (17) 

The main costs contributing to the OPEX are those of energy consumption and maintenance. The cost 

of energy consumption occurs during the pressurization process, and the maintenance cost is assumed to 

be 1% of the CAPEX. Marine diesel oil (MDO) is used to estimate the cost of energy consumption [18]: 

𝐶𝑂𝑃𝐸𝑋 =  𝐶𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 +  0.01 𝐶𝐶𝐴𝑃𝐸𝑋 (18) 

Table 3 shows assumptions for estimating the OPEX. 

Table 3. Assumptions for estimating the OPEX. 

Item Value 

Injection time 24 h/ship 

The number of voyages 72/year 

MDO consumption rate 180 g/kWh 

MDO price 1,000 $/ton 

Life time 20 years 

4. Results and Discussion  

4.1. Specific Net Power Consumption 

The net power supplied to system 2 is lower than that supplied to system 1, and the difference is the 

produced power from the Rankine cycle. The net power of system 1 is approximately 2060 kW, and this 

work is consumed to pressurize the liquid CO2 and seawater. System 2 has a slightly higher power input 

compared to the system 1. However, the generated work from the Rankine cycle reduced the net power 

consumption of the system by approximately 706 kW. Figure 5 explains the specific net power of  

each system required to treat 1 ton of CO2. In system 2, 1.2 kW/ton was saved, and the system used  

2.3 kW/ton, while system 1 consumed 3.5 kW/ton. 

Figure 5. Specific net power consumption of each system. 
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4.2. Exergy Efficiency 

To determine the performance of each system, the exergy efficiency was analyzed. The useful effect 

of system 2 was found to be 17.1% higher than that of system 1, as shown in Figure 6. The reason for 

the higher exergy efficiency of system 2 is the reduced exergy loss and the produced work from the 

turbine. The additional exergy loss occurs at the turbine and the pump, as this system has more 

processing facilities than system 1. However, the exergy loss of the heat exchanger decreases 

considerably from 62.5% to 40.5% during the heating of the CO2 with the working fluid before heat 

exchange occurs with seawater. 

Figure 6. Exergy efficiency of each system. (a) System 1; (b) System 2. 

  

(a) (b) 

4.3. Life-Cycle Cost 

The LCC indicated that the total costs of system 2 were lower than those of system 1, when 1 ton of 

CO2 was treated. There was a minor gap in the CAPEX between two systems, as shown in Figure 7.  

As more facilities are installed, the CAPEX increases slightly. However, the OPEX required by each 

system were considerable, with 0.21 dollars per ton of CO2, which equals costs of to 4.26 million dollars 

spent over the operating life of the systems. 

Figure 7. Life-cycle cost of each system. 
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4.4. Sensitivity Analysis 

This study performed a sensitivity analysis to analyze the influence of the two main factors that may 

influence the specific net power consumption, the exergy efficiency, and the LCC: discharge pressure 

and seawater temperature. 

4.4.1. Discharge Pressure 

Because the required injection pressure may differ depending on the location of the storage, the effects 

of different discharge pressures should be investigated. A larger specific net power was required when 

the discharge pressure increased, as shown in Figure 8. This is because the pressurization process 

required a higher energy input into the system. 

Figure 8. Specific net power consumption at different discharge pressures. 

 

The exergy efficiency decreased slightly, but the efficiency remained consistent across different 

discharge pressures within a range of 1%, as shown in Figure 9. When the discharge pressure increased, 

the exergy loss of the heat exchanger decreased, whereas that of the pump was increased. After the 

pressurization process, the temperature of the CO2 was increased, which helped to reduce the loss at the 

heat exchanger by minimizing the temperature difference between the heating medium and the cooling 

medium. Because the loss at the pump was higher than that at the heat exchanger, the exergy efficiency 

decreased slightly at the higher discharge pressure. 

The LCC increased as the discharge pressure of the system increased, as shown in Figure 10. The 

main reason for this result was the increase in the specific net power resulting from the increased 

discharge pressure, thereby requiring greater expenditure. 
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Figure 9. Exergy efficiency at different discharge pressures. (a) System 1; (b) System 2. 

  
(a) (b) 

Figure 10. Life-cycle cost at different discharge pressures. 

 

4.4.2. Seawater Temperature 

The characteristics of the system change because the temperature of seawater varies with location and 

season. During the heating process of the injection system, seawater is used, and the temperature of the 

seawater affects the characteristics of the system. 

The specific net power consumption of each system at different seawater temperatures is shown in 

Figure 11. In system 1, the specific net power consumption remained constant, but that of system 2 

decreased when the seawater temperature increased. The p-h diagram in Figure 3 explains this 

relationship between specific net power and seawater temperature. If the seawater temperature is high, 

then B-C line (evaporating process) moves upward. Therefore, the difference in enthalpy from C to D 

increases. This gap makes the cycle produce more electrical power. 
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Figure 11. Specific net power consumption at different seawater temperatures. 

 

The exergy efficiency decreased when the seawater temperature increased, as shown in Figure 12. 

This tendency resulted from the increase in the exergy loss of the heat exchanger. As the temperature of 

the heating medium increases, more heat is lost because of the high temperature difference between the 

heating medium and the cooling medium. 

Figure 12. Exergy efficiency at different seawater temperatures. 

 

As shown in Figure 13, The LCC decreased when the seawater temperature increased because the 

high temperature of the seawater enables the Rankine cycle to generate more electrical power. 

4.5. Discussion 

The results of this study shows the applicability of CO2 cold energy wasted in conventional injection 

systems. The better performance of system 2 comes from power generation through a Rankine cycle. 

The main reason for this is that the low temperature of liquid CO2 flow has a role as a heat sink in the 

cycle. It is impossible for any device that operates on a cycle to receive heat from a sole reservoir and 

produce the full amount of work in accordance with second law of thermodynamics. It implies the 

working fluid has to exchange heat with a heat sink and a heat source. In system 2, seawater provides 
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heat to the working fluid as the heat source and liquid CO2 absorbs the heat from the working fluid as 

heat sink. With this principle, the produced electrical power reduces the net power required in the 

injection system and recovers additional exergy. This energy savings results in the reduction of energy 

consumption costs. As a results, the OPEX is decreased. 

Figure 13. Life-cycle cost at different seawater temperatures. 

 

5. Conclusions 

A new CO2 injection system was proposed, which uses the Rankine cycle to recover wasted heat. The 

proposed system showed a better performance with respect to several comparison measures. The specific 

net power supplied into the system decreased by approximately 1.2 kW/ton, and the exergy efficiency 

was also higher than that of the conventional system, by approximately 17.1%. The CAPEX was slightly 

higher, but the OPEX was considerably reduced by approximately 0.21 dollars/ton. Two conditions were 

varied during the investigation: discharge pressure and seawater temperature. The exergy efficiency 

remained approximately unchanged, but more LCC was used as the discharge pressure increased.  

As seawater temperature increased, the exergy efficiency decreased, but the costs also decreased as the 

seawater temperature increased. 

This study considered only the costs of the injection process. Therefore, further study is suggested to 

investigate the influence of the proposed system in view of the whole CCS chain, including capture, 

transport, and storage. 
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Nomenclature 

CCS Carbon capture and storage LCC Life cycle cost 

LNG Liquefied natural gas CAPEX Capital expenditures 
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OPEX Operational expenditures MDO Marine diesel oil 

𝑊̇  Power [kW] 𝑚  Mass [ton] 

𝑤̇  Specific power [kW/ton] 𝑛̇  Mole flow rate [kgmol/hr] 

Η  Efficiency 𝑄̇  Heat transfer rate [kW] 

𝐸𝑥̇  Exergy [kJ/hr] 𝑒𝑥  Specific exergy [kJ/kgmol] 

h Specific enthalpy [kJ/kgmol]  s Specific entropy [kJ/kgmol∙K] 

T Temperature [K]   

Subscripts 

loss Loss net Net power consumption 

input Input into a system output Output from a system 

in Inlet out Outlet 

turbine, i i-th turbine pump_CO2, i i-th pump of CO2 

pump_WF, i i-th pump of working fluid pump_SW, i i-th pump of sea water 

p Pump t Turbine 

th Thermal ex Exergy 

i Integer number (1, 2, 3, ∙∙∙) j Integer number (1, 2, 3, ∙∙∙) 

CO2 Carbon dioxide 0 Ambient condition (1 atm, 298 K) 

SW Sea water   
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