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Abstract

:

Observation of the greenhouse effect prompts the consideration of every possibility of reducing anthropogenic carbon dioxide emissions. One of the key methods that has been the subject of much research is Carbon Dioxide Capture and Storage. The purpose of this study was to investigate the main technologies of CO2 capture, separation, and dehydration as well as methods of its transport and methodology of selecting a suitable geological storage site. An installation of dehydration and compression of carbon dioxide captured after the post-combustion was designed at a temperature of 35 °C, a pressure of 1.51 bar, and a mass flow rate of 2.449 million tons/year, assuming that the geological storage site is located at 30 km from the capture place. For the dehydration process, a multistage compression and cooling system were applied, combined with a triethylene glycol (TEG) dehydration unit. The mass flow rate of TEG was selected as 0.5 kg/s. H2O out of the TEG unit was 26.6 ppm. The amount of energy required to compress the gas was minimized by adopting a maximum post-compression gas temperature of 95 °C for each cycle, thereby reducing plant operating costs. The total power demand was 7047 kW, 15,990 kW, and 24,471 kW, and the total received heat input was 13,880.76 kW, 31,620.07 kW, and 47,035.66 kW for 25%, 60%, and 100% plant load, respectively. The use of more compressors reduces the gas temperature downstream through successive compression stages. It also decreases the total amount of energy required to power the entire plant and the amount of heat that must be collected during the gas stream cooling process. The integration of CO2 compression and cooling system to recover heat and increase the efficiency of power units should be considered.
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1. Introduction


In recent years, progressive climate changes have been observed, causing undesirable atmospheric phenomena and negatively affecting the environment and living conditions on earth. Continuous development of economies and industrialization causes an increase in temperature, which has accelerated sharply in recent years.



Carbon dioxide is a greenhouse gas that has received special attention [1,2,3]. The highest CO2 emissions occur for lignite and hard coal combustion. Greenhouse gas concentration increases in the atmosphere (other than water vapor), causing an increase in temperature, thus an increase in evaporation and an increase in the water vapor content in the atmosphere [4]. Progressive greenhouse effect forces consideration of every opportunity to reduce greenhouse gas emissions into the atmosphere.



In order to reduce CO2 emissions to the atmosphere, CCS technology (Carbon Dioxide Capture and Storage) is applied by CO2 capture, transport, and storage in geological formations [5,6]. CCS has recently attracted special attention. According to the European Green Deal, Europe intends to become the first climate-neutral continent by 2050. CCS will allow the decarbonization of heavy industry, contributes to the initiation of a clean hydrogen economy, and will contribute to achieving zero net emissions [7].



Carbon dioxide captured from the flue gas at the point of emission has significant water content and needs to be dehydrated. Water content above the permissible values in the transported medium can cause the production of carbonic acid, which can block the flow [2]. The gas dehydration process avoids the formation of hydrates under the influence of high pressure and prevents corrosion of the installation. Dehydrated CO2 needs to be pressurized to a desired pressure to be transported (i.e., by pipeline, gas carriers, rail, or trucks) to the storage site (injection installation). Each element of the CCS chain needs to be properly designed.



The projects completed so far and ongoing research related to CCS are characterized by various CO2 dehydration technologies and installation configurations. Sholes consider the use of water-resistant composite membranes for CO2 separation from methane [8]. Kemper, in his study, compared technologies of adsorption on molecular sieves and CO2 dehydration with TEG [9]. Currently, the most common method for CO2 dehydration is absorption with chemical solvents (using chemical bonds) or physical absorption, which uses the intermolecular Van der Waals forces [10]. The most commonly used physical solvents are: (i) Selexol ™ technology based on glycol and (ii) Rectisol® based on methanol [11]. Chemical absorption (using amines) was used, i.e., in the post-combustion technology in two facilities—Boundary Dam (Canada) and Petra Nova (USA) [12]. For the Kingsnorth Carbon Capture & Storage Demonstration Project, molecular sieves technology was selected for CO2 dehydration, although it is more expensive than the alternative TEG technology [13].



CO2 dehydration is a relatively small part of the entire carbon capture and storage technology chain but plays a very important role in maintaining system integrity.



In case of high CO2 emission allowances costs on the market, power plants and combined heat and power plants equipped with CCS installations using various gas dehydration technologies may become competitive.



In this study, the scenario of CO2 dehydration and compression is considered. CO2 captured from the emission source was directed to a multi-stage compression and cooling installation as well as dehydration of the captured CO2 and its final compression for transport in a liquid state was designed. A combination of (i) multi-stage compression and cooling and (ii) a triethylene glycol (TEG) dehydration unit were designed for captured CO2 dehydration. The influence of the number of compression stages on the efficiency of the installation as well as the demand for power and heat flux received in intercoolers was investigated.




2. Methodology


The methodology of the work assumes the discussion of individual components of the Carbon Capture and Storage (CCS) chain, as well as the selection of CO2 capture technology which depends on the selected scenario. The methods of carbon dioxide separation were compared, and the appropriate method of CO2 separation and compression was selected. CO2 transport to the storage site was analyzed. Installation was designed, and simulations were performed with BRE Promax.



2.1. CO2 Capture Technology


Carbon dioxide capture methods can be classified into:




	
Post-combustion capture from flue gas in air-supplied fuels;



	
Pre-combustion capture in gas obtained from the coal gasification process;



	
Capture from the flue gas after combustion of fuel in boilers supplied with a mixture of oxygen and carbon dioxide (oxy-combustion);



	
Methane steam-reforming process combined with carbon dioxide sequestration methods.








As CO2 emissions are highest when burning lignite and hard coal, the plant was designed for post-combustion technology (Figure 1). The post-combustion carbon dioxide capture involves separating CO2 from other products that make up the flue gas (including, but not limited to, SO2, NOx, SO2, and N2) [4].




2.2. Selection of the Carbon Dioxide Separation Method


The type of emission source and process system influences the selection of a suitable method for the separation of carbon dioxide from other combustion products (nitrogen, oxygen, nitrogen oxides, and sulfur). According to Czaplicki and Sobolewski, carbon dioxide separation can be performed based on physical and chemical absorption, adsorption, cryogenic, or membrane separation processes (Figure 2) [14].



The suitable separation technology process is selected based on many factors, including the properties of flue gas—its pressure and temperature, CO2 flow rate, or concentration [14,15,16].




2.3. Application of Multi-Stage Compression before TEG Dehydration


After capture, the gas must be further purified for further transport, as the contents of various components (water, sulfur and nitrogen oxides, oxygen, nitrogen, hydrogen sulfide) directly affect its chemical and physical parameters and process characteristics [14,17]. The H2O content in the gas stream must be low enough to prevent corrosion of downstream plant components. Hydrogen sulfide and nitrogen dioxide do not directly affect the plant’s condition or process efficiency. However, their minimum concentrations have been set for safety reasons [18].



Concentrations of individual volatile gases (N2, H2, CO, CH4, O2, Ar) should not exceed 4% [18,19].



The water content in the gas is a function of pressure and temperature [20]. The higher the pressure, the lower the H2O content in the gas at a constant temperature, and the lower the temperature, the lower the water content at constant pressure. The method considered for the dehydration of gas captured from the emission source is the use of multistage compression with cooling. If the gas is compressed and then cooled to a constant temperature between compression stages, water will condense and must be drained off downstream each compression stage. However, this method is insufficient to ensure a sufficiently low H2O content in the gas since the compressed gas is still saturated with water at the temperature to which it was cooled [20]. The most common gas dehydration method in the gas industry is absorption using liquid glycols due to the low plant cost compared to other dehydration methods [21]. The most commonly used glycol for gas dehydration is triethylene glycol (TEG) because it is recoverable to 98% and has higher sorptive properties [22]. Its advantages are [16]:




	
Low vaporization loss and viscosity;



	
High regeneration efficiency;



	
High thermal stability;



	
High affinity to water and hydrocarbon;



	
Extremely low solubility for salts.








The use of triethylene glycol will ensure the dehydration of CO2 to the appropriate H2O content. However, multistage compression with cooling applied before the gas is dehydrated will reduce the cost of the TEG plant [20]. According to Øi and Fazlagic [23], the water content for different absorption pressures indicates that the maximum dehydration efficiency using TEG is achieved at pressures between 30 bar and 50 bar. Therefore, it was assumed that the pressure of gas supplied to the dehydration system for the plant designed should be 45 bar (without taking into account the pressure drop in the cooler). The constant temperature to which the gas will be cooled after each compression stage is assumed to be 20 °C. The number of compression stages affects the gas temperature downstream each compression stage.



In order to minimize the amount of energy required to cool the gas; it was assumed that its temperature after each compression cycle might not be higher than the assumed value of 95 °C [24]. In order to simplify the calculations, it was assumed that the efficiency of compressors and coolers for the first stage is 84%, and for subsequent stages, it is successively reduced by 2% [25].



The efficiency of the pump injecting the recovered glycol into the absorber column was taken as 70%. Panowski and Zarzycki [26] found that from the point of view of the lowest power demand, for the variant with similar final pressure (after multistage compression), the most beneficial would be the use of a system consisting of 5 or 6 groups of compression and cooling stages. It was assumed that the plant would consist of 5 compression and cooling stages before the gas enters the TEG dehydration system and of a final compression and cooling stage to prepare the CO2 for further transport in its liquid state.




2.4. TEG Dehydration System


After five compression stages, cooling, and removal of released water, the gas goes to the TEG gas dehydration system. The first element of the plant is the absorber column. The gas stream is supplied to its lower part, where it flows in an upward direction through successive trays. At the same time, glycol is pumped through the upper section of the column, which flows by gravity down the subsequent absorber trays and absorbs water from the gas due to its absorption properties. The dehydrated gas leaves the system through the top of the column, and the water-rich glycol is automatically evacuated through the lower section of the column and supplied to its regeneration system.



After leaving the absorption column, the dehydrated gas stream is supplied to the final compression stage, where it reaches a pressure of 100 bar and is cooled down to a temperature of 20 °C so that it will change into a liquid state for cost-efficient transport. The rich glycol is expelled at the bottom of the column, and when preheated, it is supplied to the deaerator. The water in the glycol is evaporated, and the lean glycol flows into a storage tank, from where it is supplied to the glycol make-up unit. Stripping gas can be added to the reboiler or stripping column to improve the regeneration of TEG [23]. The TEG decomposition temperature should be in the range of 180–207 °C, so it was established that the gas in the reboiler would be heated to the temperature of 205 °C [27,28].



Depending on the expected mass flow rate of lean glycol re-injected into the absorber column, different values of H2O gas purification can be obtained. Choosing the correct amount of glycol for replenishment allows for the reduction in the operating costs of the glycol regeneration system. Choosing an excessively low mass flow rate of lean glycol entering the absorber column can result in insufficient gas dehydration, but efforts should be made to reduce the amount of glycol for replenishment to reduce costs [29].



Too small a mass flow of lean glycol, which flows to the absorber column, may result in insufficient drying of the gas [20,25]. However, the amount of supplemented glycol should be limited to reduce costs because the higher the glycol flow rate is, the larger column diameter is required, which translates into higher investment costs [29].




2.5. Transport of CO2 to a Geological Storage Site


The purified and compressed carbon dioxide must be delivered to the storage site by pipelines, road tankers, or carriers. The most efficient form of transport is the transfer of CO2 via pipelines [30,31]. Transporting CO2 via a pipeline is more cost-effective than transporting it by road tankers or carriers because it can provide a continuous supply chain from the capture plant to the injection site. More than 8000 km of pipelines are in the United States, which is 85% of Global pipelines transporting CO2 [10]. Technically, CO2 can be transported in gaseous, liquid, or supercritical phases. However, the minimum pipeline operating pressure should be selected to ensure that CO2 is transported in the liquid or supercritical phase [30].



Transport of carbon dioxide in the gaseous phase is problematic because the maximum discharge pressure can reach 40 to 45 bar. Exceeding these pressure values causes CO2 to condense, thus creating a two-phase flow, which can result in damage to pipeline fittings [32,33]. Transporting CO2 in the gaseous phase is an inefficient and energy-intensive process due to the large pressure drops in the pipeline with low density of the gaseous phase [30,31,32].



A more efficient way to transfer CO2 than transporting it in the gaseous phase is to transfer it in the supercritical state. The supercritical state is called the state of a substance in which the pressure and temperature conditions have exceeded the critical point of the substance, and the substance itself has viscosity and compressibility parameters characteristic of a gas while having the density of a liquid [30]. This allows much greater quantities of CO2 to be transported and stored than possible in its gaseous form. The critical point of carbon dioxide (Tc = 30.978 °C, pc = 73.773 bar), for which the density of CO2 is equal to ϱ = 467.6 kg/m3, allows its transfer at high pressures ranging from 80 bar to 150 bar [34].



CO2 transport requires its compression to high pressure (74 bar should be taken as the absolute minimum, but usually it is 100 bar, which provides an appropriate safety margin related to pressure drop in the pipelines). After leaving the absorption column, dehydrated CO2 in gaseous form can be directed to the final compression, where it reaches a pressure of 100 bar and is cooled down to 20 °C [10]. As a result, CO2 becomes a liquid, which allows it to be transported economically.



The minimum pressure in the pipeline should be equal to or higher than 73.8 bar, which means that CO2 will remain in a supercritical state. While there are slight variations in the pressure ranges in the literature, all pressures are above the critical value of 73.8 bar [35].



The transport of CO2 in the supercritical state is not without its drawbacks. As the length of the pipeline increases, the carbon dioxide temperature decreases. If the temperature drops below the critical value, CO2 will change into a liquid phase, and if pressure drops rapidly, it will change into a gaseous phase. The temperature must be therefore maintained in the pipeline—a highly energy-consuming process [30].



From the economic viewpoint, the transfer of carbon dioxide in the liquid state is the most advantageous form of transport [36,37,38,39]. Carbon dioxide in liquid form has a slightly higher density than in the supercritical state while maintaining low compressibility. Obtaining CO2 in a liquid form requires that it be compressed and cooled to the proper pressure and temperature before being injected into a pipeline. Carbon dioxide should be thoroughly dried to a water content of less than 50 ppmv, as exceeding this value affects corrosion activities on pipeline fittings and walls [40]. The composition of the treated and compressed gas stream should meet the recommended requirements for the content of individual gas components (Table 1).




2.6. Selection of a Geological Carbon Dioxide Storage Site


Carbon dioxide can be injected into a natural geological formation located on land or under the ocean or seafloor. It was assumed that the depth below which CO2 passes through the critical point to the supercritical phase is a depth of about 800 m [4,46,47,48]. Thus, this is the minimum depth of the roof of the layers intended for the geological storage of carbon dioxide.



The geological formation into which CO2 is to be injected must be characterized by the presence of porous and permeable rocks that are covered by a layer of impermeable rocks [4,46]. This will allow it to accumulate in interstitial spaces and cracks. Thus CO2 displaces and replaces substances such as water, oil, or gas. The Polish National Geological Institute (2020) [49] formulates the main criteria for potential CO2 reservoirs:




	
Appropriate values for permeability, porosity, and potential reservoir capacity;



	
The presence of geological traps and impermeable cover rocks (e.g., clays, marls, salt rocks, and claystone) will prevent carbon dioxide from migrating to higher layers;



	
Aquifers must not contain potable water that humans can use;



	
The reservoir should be located more than 800 m below the ground surface due to providing conditions of high enough pressure and temperature to store carbon dioxide in the supercritical state.








About 99% of the global CO2 storage capacity is saline aquifers, and the rest are depleted oil and gas reservoirs and coalbed methane [50].




2.7. Pipeline Transport


At the existing CCS facilities, the pipelines leading to the storage facility differ in length. For example, in Norway, a 153 km offshore pipeline operates at the Snøhvit CO2 storage site [10].



In this study, the geologic storage site was assumed to be within 30 km of distance from the TEG dehydration unit. The pipeline has a length of 30 km and has been divided into four segments of 7500 m each.



According to Polish standards, the pipeline should be located away from densely populated areas and meet the technical conditions according to the Ordinance of the Minister of Economy of 26 April 2013, on technical conditions to be met by gas networks and their location [51]. Before being injected into the pipeline, CO2 must also be tested for its impurity content and its properties.



The pipeline diameter should be selected to ensure effective carbon dioxide transmission while keeping investment and operating costs as low as possible since they increase as the diameter of the pipeline increases. The materials used for the pipeline should prevent corrosion, whereas fittings and seals should provide adequate strength for cold temperatures caused by CO2 expansion in the pipeline [52,53]. The selection of materials requires an analysis of the conditions in which the pipeline will operate, including ambient conditions and the composition of the medium being transported. According to API 5L standards, steel grades X60, X65, and X70, among others, are used for CO2 transport pipelines, and X80 steel [30,54] when large diameters are used at operating pressures of approximately 160 bar (Table 2). These steel grades are characterized by high tensile strength and also high yield strength.




2.8. Simulation of the Operation of the Planned Plant in BR&E ProMax


BR&E ProMax software, developed by Bryan Research & Engineering Inc., was used to simulate the planned dehydration, compression, and further carbon dioxide plant transport. This software is used for the simulation of processes and is dedicated to specific chemical and petrochemical processes, among others:




	
Dehydration processes with glycols and desulfurization with amine solutions;



	
Refining processes;



	
LPG recovery processes;



	
Gas cooling and processing;



	
Calculations and simulations for pipeline transportation and chemical and petrochemical processes.










3. Results and Discussion


A diagram of the planned five-stage captured gas compression and cooling plant designed in ProMax is shown in Figure 3, captured gas dehydration plant with TEG is shown in Figure 4, and the gas compression, cooling, and injection plant into the transmission pipeline are shown in Figure 5. The Peng-Robinson equation of the state model was used to perform the simulation [55].



3.1. Input Data


In order to simulate the process of treatment and compression of the gas for further transport and injection into the geological formation, it was assumed that the captured gas compression and treatment plant is located onshore at the emission source. The post-combustion captured gas stream at 35 °C, and 1.51 bar should be purified to the recommended molar concentrations of the individual components and compressed to the pressure at which it reaches a liquid state. The plant will be designed to prepare 2.449 million tons/year of carbon dioxide for transport and injection at 100% of its load. Transport of the liquid CO2 to the geological storage site will take place via a 30 km long onshore pipeline. The contents of each component of the captured gas and its temperature and pressure conditions are shown in Table 3.



The captured gas stream with a mass flow rate of 2.449 million tons/year, a temperature of 35 °C, a pressure of 1.51 bar, and a molar concentration of the individual substances, as shown in Table 4, is initially directed to a separator, where the liquid phase of the input stream is separated from its gas phase. Water flows by gravity into the lower section of the separator, from where it is discharged. The gas leaves the separator through its upper section and is directed to the first compression and cooling cycle. After the gas stream is compressed and cooled to 20 °C, it enters the separator from which the water formed by the pressure increase at constant temperature is removed. The gas compression and cooling cycle are repeated five times. To reduce the operating costs of the compression system, the temperature at which the maximum compression pressure will be reached is set to 95 °C.




3.2. Permissible Pressure Drops across Coolers


The value of permissible pressure drops across intercoolers was determined using Equation (1) while assuming that the value of permissible pressure drop cannot be greater than 0.334 bar [56].


  Δ p =      (  14.504 ⋅  p    C O  2  / S t a g e    )    0.7     10 ⋅ 14.504   ,   b a r  



(1)




where:



   p    C O  2  / S t a g e    —the value of CO2 pressure for the individual compression stage, bar.



Individual values of allowable pressure drop across the coolers were obtained for successive compression stages (Table 5).




3.3. Selection of the Glycol Mass Flow Rate


For the designed plant, the mass flow rate of glycol entering the absorber column was chosen as 0.5 kg/s since it provides a proper level of CO2 drying, equal to 26.6 ppm. The water content in CO2 for the selected TEG mass flow rate meets the recommended requirements for CO2 transport via transfer pipelines (Table 6).




3.4. Pipeline Diameter


The selection of pipeline parameters, including its diameter, is an issue that requires consideration of several conditions, both technical and logistic [30]. The main factors determining the pipeline diameter include the pressure at the beginning and the end of the pipeline, the temperature in the pipeline, the pipeline length, the flow rate of carbon dioxide transported, and the number of compressor stations installed along the pipeline [36].



The pipeline diameter should ensure the reception of liquid carbon dioxide. Therefore, it was assumed that the minimum pipeline operating pressure should be 80 bar for a CO2 stream temperature of 20 °C. For a mass flow rate at 100% plant load equal to 2.449 million tons/year, a comparative simulation of the distances for which the pressure will reach the assumed minimum pipeline operating pressure was performed. For a pipeline diameter of 16 inches, the pipeline pressure will reach 80 bar for 251 km, which means that the use of the adopted diameter is reasonable (Figure 6a). For a 14-inch diameter pipeline of the same material, the pressure in the pipeline will reach 80 bar at 112 km (Figure 6b). For an assumed pipeline diameter of 12 inches (Figure 6c), the minimum operating pressure of the pipeline equal to 80 bar will be reached at 68 km. Selecting a smaller pipeline diameter (10 inches) does not provide proper pressure for the specified 30 km pipeline segment to transport CO2 to the storage site (Figure 6d). The pipeline pressure reaches 80 bar over a distance less than the planned pipeline length (26 km). Based on the above considerations, a pipeline diameter of 12 inches was selected for further research.



A similar method to determine the pipeline diameter is to assume the pressure at the pipeline outlet and to select, based on the pipeline specifications, the maximum amount of CO2 that can be transported while maintaining its liquid state. Knowing the parameters beyond which the two-phase flow will occur and the possible formation of hydrates (carbonic acid), as well as knowing the rate at which CO2 will be injected into the pipeline, it is possible to control the pipeline diameter in order to analyze the distance of the pipeline over which the CO2 pressure drop to the assumed value of 80 bar will be achieved. The use of the analysis in ProMax software allows for the selection of a diameter that will ensure the transport of carbon dioxide while maintaining proper parameters over the considered distance of 30 km. However, the results obtained will be similar to the results obtained by means of manual determination of the diameter.



The length of the pipeline system assumed above has been simplified and can be understood as an equivalent length due to the difficulty of determining local pressure losses at the conceptual stage of research. The proper distance from the storage site is less than the assumed length of the pipeline, and this value is intended to provide an overview of the pressure drop distribution.




3.5. Linear Pressure Drop


When considering pipeline transport of carbon dioxide, the linear pressure drop in the pipeline must be considered, and it must be verified that the pressure at the pipeline end is not less than the assumed minimum pressure (80 bar) to allow carbon dioxide to be received in its liquid state. For this purpose, the Darcy Weisbach Equation (2) was used [22]:


  Δ p = λ ⋅  L D  ⋅   ρ ⋅  u 2    2 ⋅ 10   ,   b a r  



(2)




where:



 λ —coefficient of linear pressure losses;



 L —pipeline segment length, m;



 D —pipeline diameter, m;



 ρ —fluid density,     kg /  m 3   ;



 u —fluid velocity,    m / s  .



In order to determine the pressure, drop, the value of the resistance coefficient  λ  must be determined from Equation (3). For this purpose, the value of the roughness coefficient of the pipe’s inner surface was assumed to be 0.00004 [57].


   1 λ  = − 2 l o g ⋅  (     ε D    3.7   +   2.51   R e ⋅  λ     )   



(3)




where:



   ε D   —pipe inner surface roughness coefficient;



Re—Reynolds number.



In order to calculate the linear pressure loss coefficient, the pattern of the fluid flow in the transmission pipeline must be determined. The basic criterion for determining the pattern of fluid flow is the Reynolds number, which can be defined by Equation (4) [22]:


  R e =   u ⋅ D ⋅ ρ  μ  ,  



(4)




where:



 μ —dynamic fluid viscosity, Pa⋅s.



The dynamic viscosity value for the fluid inlet flow determined using the ProMax simulation software is   8.21375 ×   10   − 5     Pa⋅s. The fluid velocity is equal to (5):


  u =   m .   π ⋅    D 2   4  ⋅ ρ    



(5)




where:



  m .  —fluid mass flow,   kg / s  .



By using the above formulas, the value of linear pressure drop was determined for four equal pipeline segments, each 7500 m long. The obtained values of fluid velocity parameters, Reynolds number, flow resistance coefficient, and linear pressure drop values are summarized in Table 7. The results were compared with the linear pressure drop values obtained from the ProMax simulation.



The obtained values of linear pressure drop differ slightly, which may be due to the assumed approximations and a different calculation model in ProMax software. The final calculated pressures in the pipeline do not exceed the assumed minimum operating pressure of 80 bar.




3.6. Energy Required to Power the Plant for Its Different Loads


The amount of energy required to power the planned plant was analyzed for 25%, 60%, and 100% load, respectively. The parameters characterizing the input captured gas flow depend on the selected plant load level, and the obtained values of power demand and heat flux collected in the coolers of the plant are shown in Table 8. The total power demand is 7047.57 kW, 15,990.10 kW, and 24,471.75 kW, respectively, and the total heat flux collected is 13,880.76 kW, 31,620.07 kW, and 47,035.66 kW for 25%, 60%, and 100% plant load, respectively (Table 9). A similar analysis was planned for the Kingsnorth Carbon Dioxide Capture and Storage Demonstration Project using MEA. However, the results were not presented [13].



For assumed parameters, simulations were performed to determine the power demand of the designed gas compression and cooling train (100% load) to reach 45 bar and 20 °C—desired conditions under which gas should be supplied to the TEG dehydration unit. Calculations were performed for five scenarios starting from single-stage compression to five-stage compression.



Figure 7 shows that when single- or two-stage compression is used, the pressure and temperature values obtained far exceed the capabilities of commercially available compressors. The use of more compression stages affects the temperature downstream of the compression stage. For the use of 3, 4, or 5 compression stages, the temperature values are practically the same, although an increase in the number of compression stages with intercooling results in a decrease in the total amount of energy required to power the entire plant. At the same time, it can be observed that as more compression stages are used, the amount of heat that can be collected during the gas stream cooling process decreases, which limits the possibility of using it in the thermal cycle of the power unit (Figure 8).



The application of multistage compression with interstage cooling results in a decrease in the efficiency of the power unit by approximately 6.5% in the optimistic variant, which translates into a decrease in the net efficiency of electricity generation at the level of 39% (currently constructed power units show a net efficiency of more than 45%) [26]. Therefore, it is reasonable to consider the integration of CO2 compression and cooling systems to recover heat and increase the efficiency of power units.





4. Conclusions


Based on the assumed input data for the considered scenario, the following design findings were obtained:




	
The temperature at which the maximum compression pressure is reached will not exceed 95 °C;



	
The mass flow rate of glycol supplied to the absorber column was chosen to be 0.5 kg/s as it provides an adequate level of CO2 dehydration, amounting to 26.6 ppm;



	
The pipeline to receive liquid carbon dioxide from the TEG plant and inject it into the geological storage site has a determined diameter of 12 inches;



	
At a distance of 30 km from the geological storage site, the value of the linear pressure drop was 8.72 bar (obtained using the Darcy Weisbach equation) or 8.57 bar (using ProMax software simulation);



	
The total power demand is 7047.57 kW, 15,990.10 kW, and 24,471.75 kW, and the total received heat input is 13,880.76 kW, 31,620.07 kW, and 47,035.66 kW for 25%, 60%, and 100% plant load, respectively.








A multi-stage compression system and a TEG dehydration system were used as a method to dehydrate carbon dioxide to the required values. The number of compression and intercooling cycles was determined to be 5, whereas the placement of this system upstream of the TEG dehydration system reduced its operating costs. By adopting a maximum post-compression temperature for each cycle, the energy required to compress the gas was minimized, thereby reducing plant operating costs. With the glycol mass flow rate selected as 0.5 kg/s, H2O content at the outlet of the TEG system was 26.6 ppm, N2 approximately 0.0311%, and oxygen 0.0207% at a TEG concentration of 7.4 ×     10   − 6    %.



The choice of state of aggregation in which CO2 is to be transported depends on the distance from its geological storage site and the injection pressure. Regarding the thermodynamic aspect, the transport of carbon dioxide in the supercritical state is the most advantageous as it preserves the density of the liquid with the compressibility and viscosity of the gas; however, due to the process and technological aspects, the transport of CO2 in the liquid phase was chosen while meeting the conditions of supercritical pressure.



Using more compressors and intercooling reduces the gas temperature downstream through successive compression stages. Furthermore, as the number of compression stages increases, the total energy required to power the entire plant and the amount of heat that must be collected during the gas stream cooling process decreases.
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Figure 1. An overall diagram of the CCS technology for the application of the post-combustion process system. 
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Figure 2. Carbon dioxide separation methods. 
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Figure 3. CO2 compression train (first part of the plant). 
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Figure 4. TEG dehydration plant (second part of the plant). 
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Figure 5. Final compression, cooling, and transport to the storage site. 
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Figure 6. The distance over which the minimum operating pressure for a variant pipeline diameter will reach the 80 bar limit for X70 steel. (a) 16-inch diameter pipeline; (b) 14-inch diameter pipeline; (c) 12-inch diameter pipeline; (d) 10-inch diameter pipeline. 
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Figure 7. Pressure (a) and temperature (b) distributions for successive groups of compression stages. 
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Figure 8. Power demand and heat flux collected in coolers versus the number of compression stages. 
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Table 1. Recommended permissible concentrations of relevant components of the gas stream for further transport.
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	Gas Stream Component
	Unit
	Recommended Molar Concentration
	Source





	CO2
	%
	>95
	[41,42]



	H2O
	ppmv
	<50
	[41,42,43]



	H2S
	ppmv
	<(10–50)
	[41,42]



	O2
	ppmv
	<10
	[41,42]



	N2
	%
	<4
	[41,42]



	H2
	%
	<4
	[41,42]



	Ar
	%
	<4
	[41,42]



	CO
	ppmv
	<2000
	[41,43]



	Nitrogen oxides (NOx)
	ppmv
	<100
	[44,45]



	Sulfur oxides (SOx)
	ppmv
	<50
	[44]



	Hydrocarbons (HC)
	%
	<2
	[41,45]
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Table 2. Comparison of chemical composition and selected parameters of selected steel grades according to API 5L.
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Chemical Element

	
Steel Grade




	
API 5L X60

	
API 5L X65

	
API 5L X70






	
C

	
0.16

	
0.16

	
0.17




	
Si

	
0.45

	
0.45

	
0.45




	
Mn

	
1.65

	
1.65

	
1.75




	
P

	
0.02

	
0.02

	
0.02




	
S

	
0.01

	
0.01

	
0.01




	
V

	
0.08

	
0.09

	
0.1




	
Nb

	
0.05

	
0.05

	
0.05




	
Ti

	
0.04

	
0.06

	
0.06




	
Yield point

	
bar

	
4136.9

	
4881.59

	
4826.33




	
Tensile strength

	
bar

	
5171.07

	
5308.96

	
5653.7




	
Elastic modulus

	

	
0.93

	
0.93

	
0.93




	
Static elongation

	
%

	
19

	
18

	
17
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Table 3. Molar concentrations of individual components of the captured gas and inlet flow parameters are assumed for design purposes.
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Captured Gas Component

	
Unit

	
Value






	
CO2

	
%mol

	
96.45




	
H2O

	
%mol

	
3.5




	
N2

	
%mol

	
0.03




	
O2

	
%mol

	
0.02




	
Inlet gas stream parameters




	
Temperature

	
°C

	
35




	
Pressure

	
bara

	
1.51




	
Mass flow rate

	
million tons/year

	
2.449
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Table 4. Pressures and temperatures of the gas stream after each compression cycle.
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	Compression Stage
	Max. Pressure for T < 95 °C
	Assumed Pressure
	Gas Temperature after Compression





	
	bar
	bar
	°C



	Captured gas
	
	1.51
	35



	1
	3.017
	3
	94.483



	2
	6.850
	6.8
	94.316



	3
	15.523
	15.2
	94.812



	4
	33.260
	33
	94.209



	5
	71.110
	45
	49.543
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Table 5. The values of obtained acceptable pressure drop across coolers.
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	Compression Stage
	     p  C  O 2    ,   bar    
	   Δ p ,   bar   





	1
	3
	0.097



	2
	6.8
	0.172



	3
	15.2
	0.301



	4
	33
	0.518 > 0.334



	5
	45
	0.644 > 0.334



	6 (after final compression)
	100
	1.126 > 0.334
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Table 6. Changes in the dried gas composition depend on the expected mass flow of glycol after the regeneration process.
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	Glycol Mass Flow

kg/s
	CO2

%
	H2O

ppmv
	N2

%
	O2

%
	TEG

%





	0.1
	99.9384
	97.5
	0.03109
	0.0207
	5.60 ×      10   − 6    



	0.15
	99.9419
	62.2
	0.03109
	0.0207
	6.30 ×     10   − 6    



	0.2
	99.9435
	46.1
	0.3110
	0.0207
	6.77 ×     10   − 6    



	0.25
	99.9444
	37.8
	0.03111
	0.0207
	6.99 ×     10   − 6    



	0.3
	99.9448
	33.2
	0.03111
	0.0207
	7.12 ×     10   − 6    



	0.5
	99.9454
	26.6
	0.03112
	0.0207
	7.40 ×     10   − 6    
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Table 7. Linear pressure drops for successive pipeline segments.
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Parameter

	
Symbol

	
Value

	
Unit






	
Fluid velocity

	
u

	
1.452

	
m/s




	
Reynolds number

	
Re

	
4,528,426

	




	
Flow resistance coefficient

	
λ

	
0.011

	




	
Linear pressure drop for 1 pipe segment

	
∆p

	
2.18

	
bar




	
Total linear pressure drop

	
4⋅∆p

	
8.72

	
bar




	
Linear pressure drop




	
Pipeline length

	
Darcy-Weisbach equation

	
Simulation results




	

	
∆p

	
Pressure in pipeline

	
∆p

	
Pressure in pipeline




	
m

	
bar

	
bar

	
bar

	
bar




	
7500

	
2.18

	
97.82

	
2.13958

	
97.86042




	
15,000

	
4.36

	
95.64

	
4.28206

	
95.71794




	
22,500

	
6.54

	
93.46

	
6.42743

	
93.57257




	
30,000

	
8.72

	
91.28

	
8.57571

	
91.42429
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Table 8. Inlet gas flow parameters vs. plant load.
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	Parameter
	Unit
	25% Load
	60% Load
	100% Load





	Temperature
	°C
	35
	35
	35



	Pressure
	bara
	1.51
	1.51
	1.51



	Mass flow rate
	million tons/year
	0.719
	1.636
	2.449



	Molar flow rate
	kmol/h
	1906
	4334
	6490
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Table 9. Balance of energy required to power the compression and dehydration plant and energy of the heat flux collected.
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Installation Stage

	
Installation

Element

	
25% Load

	
60% Load

	
100% Load




	
Power Demand, kW (Compressors)

Collected Heat Flux Power, kW (Coolers)






	
Pre-compression and cooling before delivery to the TEG plant

	
Compressor I

	
1203.33

	
2736.22

	
4097.39




	
Cooler I

	
2160.97

	
4913.77

	
7358.19




	
Compressor II

	
1434.47

	
3261.8

	
4884.43




	
Cooler II

	
1620.96

	
3865.85

	
5519.41




	
Compressor III

	
1393.7

	
3169.09

	
4745.59




	
Cooler III

	
1633.71

	
3714.85

	
5562.84




	
Compressor IV

	
1289.71

	
2932.63

	
4931.5




	
Cooler IV

	
1796.56

	
4085.15

	
6117.35




	
Compressor V

	
434.199

	
987.313

	
1478.46




	
Cooler V

	
867.354

	
1972.25

	
2953.37




	
Total power demand

	
5755.409

	
13,087.053

	
20,137.37




	
Total collected heat flux power

	
8079.554

	
18,551.87

	
27,511.16




	
Preparation of dehydrated CO2 for pipeline transport

	
Pump VI

	
1292.16

	
2903.05

	
4334.38




	
Cooler VI

	
5801.2

	
13,068.2

	
19,524.5




	
Total power demand

	
1292.16

	
2903.05

	
4334.38




	
Total collected heat flux power

	
5801.2

	
13,068.2

	
19,524.5




	
Total power demand

	
7047.569

	
15,990.103

	
24,471.75




	
Total collected heat flux power

	
13,880.754

	
31,620.07

	
47,035.66
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