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Abstract

:

In the context of climate change and the reduction in CO2 emissions from fossil fuel combustion, the integration of CO2 capture technologies in steam power plants is a key solution. The aim of this study was to analyze the use of ammonia, at different mass concentrations, in capturing post-combustion CO2 in a coal-fired power station and comparing it with the reference 30% MEA case. In this regard, a multi-criteria model was developed to establish the optimal solvent used, considering the least impact on technical performance, economic, and environmental indicators. As a result, the lowest CO2 capture cost was obtained for the CO2 capture process based on 7% NH3, with 59.07 €/tCO2. Integration of the CO2 capture process is more economically viable when the CO2 emissions tax is higher than 70 €/tCO2 for 7% NH3 and 15% NH3, 80 €/tCO2 for 5% NH3 and 30% MEA, and 90 €/tCO2 for 2% NH3. Regarding the overall efficiency, the energy penalty associated with the CO2 capture process integration varied between 15 and 35%, and the lowest value was obtained for 15% NH3. The GWP indicator ranged between 113 and 149 kg_CO2_eq/MWh for NH3 compared to MEA 133 kg_CO2_eq/MWh and the case with no CO2 capture was 823 kg_CO2_eq/MWh.
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1. Introduction


To limit the temperature increase below 2 °C and achieve net-zero emissions by 2050 under the European Green Deal, we need to take several actions [1] including the need to rapidly reduce greenhouse gases (GHG) from energy (electricity, heat, and transport), which account for 73.2% of total GHG emissions [2]. Using fossil fuels, CO2 emissions from power and heat generation account for the largest share of total greenhouse gas emissions [3]. Due to the pandemic, CO2 emissions from the energy sector decreased in 2020 by 6% compared to 2019. However, in 2021, the CO2 emissions increased by 5% compared to 2020 [3]. One solution to limit CO2 emissions from fossil fuel combustion consists of integrating CO2 capture technologies in power plants [4]. The most viable solution to reduce CO2 emissions from installed power plants is integrating post-combustion CO2 capture technology [5].



Several processes have been developed in the last decades to separate CO2 from flue gases by absorption, adsorption, membrane separation, and cryogenic and chemical looping [6]. Post-combustion CO2 capture technology by the chemical absorption process (CAP) is the most widely developed and implemented on an industrial scale [7]. In order to limit the effects of integrating such CO2 capture technology into a power plant (e.g., decrease in overall efficiency, increase in electricity prices), new separation solutions are being sought or existing ones are being developed [8]. Ionic liquids are a new category of solvents. However, ionic liquids have the disadvantages of low absorbency, toxicity, and high acquisition cost [9]. CO2 capture by adsorption is another technology developed in recent years such as the use of calcium oxide as an adsorbent [10,11], or the functionalization of solid adsorbents with amines [12].



The selection of the most competitive CO2 capture process is dependent on the characteristics of the power plant, the type of fuel used, the performance of the CO2 capture process, and the economical consideration [13]. The previous research focused on developing CO2 capture processes and reducing the costs associated with integrating the capture process in line with reduced energy consumption for the regeneration of chemical solvents [14]. Based on Oh et al. (2016), the thermal energy consumed in the chemical absorption process-based MEA can be minimized by structural modification of the absorption and desorption column [15]. The cost can also be reduced by optimizing the capture process and improving the solvent properties [16]. Given the concept of sustainable development, focusing on technical and economic aspects alone, however, is not sufficient to select the optimum carbon capture process. The question of identifying the ecological influence of the integrating CO2 capture processes in steam power plants was raised in this context [17]. The integration of CO2 capture technology increases the consumption of resources used for energy production [18]. Even if CO2 emissions decrease, other pollutants can increase significantly and affect the environment [19].



According to Corsten et al. (2013), the big difference between existing CO2 capture technologies is highlighted due to the results obtained on the overall environmental impact. From a climate change perspective, the integration of CCS technologies has led to the reduction in the Global Warming Indicator (GWP) to values between 25–75 kg_CO2_equiv/GJe for natural gas thermal power plants, and respectively between 20 and 65 kg_CO2_equiv/GJe for steam power plants [20].



Reducing the climate impact of steam power plants equipped with CCS technologies is achieved by optimizing parameters such as the volumetric composition of flue gases in O2, SO2, PM10, PM2.5, the CO2 capture process efficiency, and the energy consumption of the CO2 capture process [21]. Thus, a 5% increase in CO2 capture efficiency leads to about a 20% decrease in GWP. However, by integrating the CO2 capture process in coal [22] and natural gas [23] steam power plants, an increase in other environmental indicators was observed: human toxicity (HTP), eutrophication (EP), creation of photochemical ozone (POCP), acidification (AP), etc. For example, by integrating the CO2 capture process in natural gas power plants, a 65% decrease in GWP can be achieved as well as a 20% higher AP and a 60% higher HTP.



In this research, life cycle assessment (LCA) was used to collect data for the energy systems analyzed. In [24], the LCA methodology was applied for the technical and economic comparison of different life cycles of lignite-based energy systems fitted with CCS technology.



Due to the reduction in the steam power plant efficiency (PP) by fitting post-combustion CO2 capture technology by CAP, additional fuel is required to produce the same amount of electricity generated by PP without CO2 capture technology. Therefore, PPs fitted with post-combustion capture technology require a greater amount of solvent (e.g., ammonia or NaOH) in order to reduce emissions of NOx and SOx for the same amount of electricity generated by using additional fuel.



In addition, for coal-based PP, the amount of waste generated (ash, boiler slag, etc.) is higher, proportional to the increase in the amount of fuel used due to the use of a greater amount of fuel per electricity unit. Moreover, the amount of water used for the chemical solvent cooling system used to capture CO2 is greater. By reducing the net efficiency of the steam power plant using a CO2 capture process with a capture efficiency of 90%, the net CO2 emissions are reduced from 88 to 85% for the same amount of electricity produced [25]. However, as the net efficiency of the steam plant increases, the impact related to the integration of CO2 capture technology decreases. The penalty applied to the net yield of the PP results from the heat consumption required to regenerate the chemical solvent (60%) as well as the electricity consumption required to compress the CO2 flow (30%) or needed to drive the pumps (10%) [26].



The aim of this article was to develop a multi-criteria model (MCM) to select the optimal chemical solvent considering the technical, economic, and ecological indicators of a coal-fired power plant. It focused on the effects of post-combustion CO2 capture by the chemical absorption process using either a solution of different mass concentrations (wt.) of ammonia (NH3), or a solution of 30% monoethanolamine (MEA) mass concentration. Thus, the technical, economic, and environmental effects of integrating the chemical absorption process in a 200 MW steam power plant were analyzed.




2. Methodology


2.1. Description of the Steam Power Plant


The reference case (without CO2 capture process) is a steam power plant with subcritical parameters and 200 MW installed capacity, located in Govora (Romania) and consists of three main parts: air preheating, heat recovery boiler, and steam cycle. The main steam parameters analyzed for the Govora power plant were 580 °C temperature and 200 bar pressure. The coal used (lignite) was characterized by proximate analysis (moisture content, ash, volatiles, and fixed carbon) and ultimate analysis (carbon, hydrogen, oxygen, nitrogen, sulfur, water, and ash content) as well as by analyzing its sulfur compounds (pyrite, sulfate and organic products). The ultimate analysis of the fuel and its lower heating value are shown in Table 1 [27].



To calculate the performance of the steam power plant, the mathematical model described in the work of Hubel et al. (2017) was used [28].



The steam turbine outlet condensing pressure was set at 0.054 bar and a temperature of 34.25 °C. The pressure, temperature, and steam flow at each steam turbine blend outlet are shown in Table 2, and the steam power plant characteristics are presented in Table 3.



Three types of criteria have been proposed for the assessment of the steam power plant with and without CO2 capture technology, namely technical, economic, and environmental.



The cases studied in this article are as follows:




	Case 1: 

	
Steam power plant without carbon dioxide capture;




	Case 2: 

	
Steam power plant with CAP using NH3 in 2% wt.;




	Case 3: 

	
Steam power plant with CAP using NH3 in 5% wt.;




	Case 4: 

	
Steam power plant with CAP using NH3 in 7% wt.;




	Case 5: 

	
Steam power plant with CAP using NH3 in 15% wt.; and




	Case 6: 

	
Steam power plant with CAP using MEA in 30% wt.;










2.2. Description of the CO2 Chemical Absorption Capture Process


The process for CO2 separation is conventional. The flue gases are first compressed to compensate for losses in the absorption column and where ammonia solutions have been used to avoid NH3 losses. They enter a heat exchanger where they are cooled, after which they are counter currently backwashed with an aqueous ammonia solution. The chemical solvent rich in CO2 is pumped before the regeneration column, in order to compensate for losses and minimize the final compression effort. The chemical solvent rich in CO2 is pre-heated in a second heat exchanger by the recovered lean solvent at the bottom of the absorption column. The heat required for the chemical solvent regeneration is supplied by the condensation of water vapor at low pressure. Regeneration reduces the solvent CO2 charge to a low charge. Afterward, before being reintroduced into the absorption column, the solvent is pumped out and cooled. The lower the charging rate, the greater the amount of steam for regeneration. The recovered CO2 flow at the top of the desorption column was compressed to 65 bars with intermediate cooling. This was dehydrated by the triethylene glycol (TEG) process. The residual mole fraction was set at 20 ppm to minimize the hydrate formation risk and corrosion during pipeline transport. The CO2 flow was finally compressed to 150 bars and cooled to 30 °C to increase the density of the CO2 and reach the value required for transport. The chemistry of the CO2 capture process based on ammonia is illustrated in Figure 1 [29], and in Reactions (1) and (2), the absorption and desorption process between MEA and CO2 is shown [30,31].


  2 R N  H 2  + C  O 2  → R N C O  O −  + R N  H 3 +   



(1)






   R N H C O  O −  + R N  H 3 +  → 2 R N  H 2  + C  O 2    



(2)







The simulation of the capture process was carried out in Chemcad software. An aqueous ammonia solution was used as a chemical solvent at different mass concentrations (2, 5, 7, and 15%) and MEA at a mass concentration of 30% for 90% CO2 capture efficiency. The schematic diagram of the process is presented in Figure 2 [32], and the process parameters are shown in Table 4.




2.3. Description of the Technical, Economic, and Environmental Indicators


2.3.1. Technical Indicators


Integrating the CO2 capture process by chemical absorption in a steam power plant has a significant impact on its overall performance, decreasing the overall efficiency due to the necessary heat for the regeneration process and to cool the flue gases and chemical solvent. Thus, an analysis of the performance of the steam power plant before and after integrating the CO2 capture process was conducted, based on the thermal and overall efficiency. Relationships (3)–(5) show the method of calculating the thermal efficiency, overall efficiency, and penalty efficiency after integrating the CO2 capture process.



Thermal efficiency:


   η  t h e r m a l   =  L  i n   /  q     i n     ⋅ 100 , [ % ]  



(3)




where    L  i n     is the internal mechanical work, in kJ/kg and    q  i n     is the heat quantity, in kJ/kg.



Overall efficiency:


   η  o v e r a l l   =  η  t h e r m a l   ⋅  η  m e c h a n i c   ⋅  η  g e n e r a t o r   ⋅  η  b o l i e r   ⋅ 100 , [ % ]  



(4)




where    η  m e c h a n i c     is the mechanical efficiency;    η  g e n e r a t o r     is the generator efficiency; and    η  b o i l e r     is the boiler efficiency.



Overall efficiency of penalties:


   P  e f   =    η  o v e r a l l _ w i t h o u t _ C A P   −  η  o v e r a l l _ w i t h _ C A P      η  o v e r a l l _ w i t h o u t _ C  O 2  _ c a p t u r e     ⋅ 100 , [ % ]  



(5)




where    η  o v e r a l l _ w i t h o u t _ C A P     is the overall efficiency of steam power plant without chemical absorption process and    η  o v e r a l l _ w i t h _ C A P     is the overall efficiency of steam power plant with chemical absorption process.




2.3.2. Economic Indicators


As part of this analysis, the following economic and financial indicators were calculated:




	
Levelized cost of electricity—LCOE;



	
Capture cost per ton of CO2;



	
Net present value—NPV;



	
Internal rate of return—IRR;



	
Discounted payback period—DPP; and



	
Profitability index—PI.








The LCOE was determined as the sum of investment costs, maintenance costs, and operating costs, relative to the electricity produced and taking into account the devaluation of money in time through the discounted rate considered (Relation (6)). The variable costs of maintenance and operation, respectively, of thermal power plants fitted with capture technology, do not include the CO2 transport and storage costs [33].


  L C O E     ∑   y = 1  l   (  I +  C 0  +  C m  +  C d   )  ·    (  1 + r  )    − l       ∑   y = 1  l   E  e l   ·    (  1 + r  )    − l     =    (  I + l ·  C 0  + l ·  C m   )  ·    (  1 + r  )    − l     l ·  E  e l   ·    (  1 + r  )    − l     ,    [  € / MWh  ]   



(6)




where   L C O E   is the levelized cost of electricity, in €/MWh; I is the initial investment in the steam power plant plus the CO2 capture technology investment cost, in €;    C 0    is the operating costs, in €;    C m    is the maintenance costs, in €;    C d    is the dismantling costs, in €, in this analysis, these costs were considered as 0; r is the discount rate, considered r = 8% (for the energy sector, the discount rate was chosen between 8–12%); and  y  is the lifetime of the steam power plant, in years,    (  y ∈ 1   …   l  )   . In this study, l was envisioned for 30 years, starting to generate electricity after three years, in the first three years after the investment has been made; and    E  e l     represents the electricity produced in MWh.



To determine the costs associated with the integration of the CO2 capture unit into the steam power plant, the CO2 capture cost (   C o s t _ C  O  2 _ c a p t u r e d    , in €/kgCO2) was calculated with Relation (7) [33]:


  C o s t _ C  O  2 _ c a p t u r e d   =   L C O  E  w i t h _ C A P   − L C O  E  w i t h o u t _ C A P     C  O  2 _ c a p t u r e d     ,    [  € / t  ]   



(7)




where   L C O  E  w i t h _ C A P    /   L C O  E  w i t h o u t _ C A P     is the discounted cost of electricity with and without capture technology, in €/MWh;   C  O  2 _ c a p t u r e d     is the amount of CO2 captured, in relation to electricity production (emission factor), in kg/MWh; and   C  O  2 _ w i t h o u t _ C A P    /   C  O  2 _ w i t h _ C A P     is the amount of CO2 emitted without/with collection technology linked to electricity production, in kg/MWh.



The CO2 emissions tax is an indicator that measures the cost avoided thanks to CO2 emissions generated in the environment compared to steam power plants without CO2 capture technology. The CO2 emissions tax is calculated according to the tax per ton of CO2    (   T  C  O 2     )    and the quantity of CO2 produced from the combustion of the fuel (   M  C  O 2     ) (Relation (8)). The integration of CO2 capture technology into the steam plant will therefore reduce CO2 emissions considerably and thus increase the cost of electricity produced.


   C  C  O 2    =  M  C  O 2    ·  T  C  O 2    ,    [  € / an  ]   



(8)







The NPV indicator is calculated as the sum of the annual discounted net income. This indicator is strongly influenced by the delay in updating the net result. In Relation (9), the determination of NPV is shown [34]:


  N P V =   ∑   y = 1    l f      I  N y  −  C y  −  A y       (  1 + r  )   i    −   ∑   y = 1    l  p i      I y  ·    (  1 + r  )   y  ,      [ € ]   



(9)




where   I  N y    is the income for year y, in €/year;    C y    is the operating and maintenance costs for year y, with taxes and duties, but without depreciation, in €/year;    A y    is the annuity for year y, in the event of a loan, in €/year;    I y    is the equity investment made for year y, in €/year; r is the discount rate for the energy sector between 8 and 12%; lf is the functional life of the steam power plant, in years; and    l  p i     is the initial investment period, in years. For the second amount, if the investment made is not the same each year, the time axis must be taken into account (the time axis of the investment has the opposite meaning to the time axis of the investment project).



An investment project is economical if   N P V ≥ 0  . If we compare several cases of the investment project, the optimal case is the one for which   N P V = m a x  .



The IRR is equal to the discount rate for which the NPV is 0 (Relation (10)) [34].


  N P V =   ∑   y = 1  l    I  N y  −  C y  −  I y       (  1 + I R R  )   y    = 0 ,    [ € ]   



(10)







The IRR can have the following economic interpretations, if it has a single value: (1) IRR represents the percentage of interest, in the case of investments, of working capital, for which the project does not generate losses; and (2) IRR is the highest rate of annual profit that the investment project is expected to generate.



The DPP (Relation (11)) is the duration after the initial investment is paid back [34].


  D P P =   ∑   y = 1   D P P     I  N y  −  C y  −  I y       (  1 + r  )   y    ,  [ € ]   



(11)







For an investment project to be profitable in terms of return on investment, it is compared to its lifespan. Therefore, in the case of DPP, it must be less than the service life.



Relation (12) presents the determination of PI [34].


  P I =   N P V   D I   =   D I N − D C   D I   =   N P V + D I   D I    



(12)




where   N P V   is the discounted income, the difference between the discounted revenue, and discounted expenditure;   D I   is the updated investment;   D I N   is the discounted income; and   D C   is the discounted expenditure.



An investment project is economically efficient if   P I ≥ 1  ; if   P I < 1  , the project becomes economically inefficient.




2.3.3. Environmental Indicators


The LCA method was applied to calculate the environmental indicators. The LCA method consists of four stages according to ISO 14040: goal and scope definition, inventory analysis, impact assessment, and interpretation [35].



According to this methodology, the first step is to clearly identify the field of study for the systems studied. We also identified all the input and output flows of the processes that take place in the field of study [36,37,38,39].



The data collected and the results for the analyzed steam power plants are related to the functional unit (FU). In this article, the functional unit is given by 1 MWh produced by the steam power plant.



To simplify the analysis carried out in this study, the fuel life cycle is composed of two stages: extraction, treatment, and transport processes are part of the first stage, while the fuel combustion process is part of a second stage. This analysis did not consider the manufacture of equipment used in the two stages or their dismantling during the life cycle. The electricity consumed during the stages of the life cycle was also considered to come from the national energy sector.



The steam power plant was analyzed with and without CO2 capture by the chemical absorption process. The CO2 compression, transport, and storage steps were considered in this analysis.



The quantified impact indicators are abiotic depletion potential—ADP, global warming potential—GWP, eutrophication potential—EP, acidification potential—AP, photochemical ozone creation potential—POCP, and human toxicity potential—HTP. Table 4 presents the pollutants that contribute to each impact class, their contributions, and their specific relationship.



The impact indicators were determined from the emissions identified in the inventory analysis. Equation (13) was used to quantify the impact classes [40].


  E =   ∑ k    E k  ·  m k  ,      [  kg _ eq / F . U .  ]   



(13)




where    E k    is the impact of pollutant k on indicator E, in kg_eq/kg; and    m k      is the amount of pollutant produced, in kg/FU. For the ADP,    m r    is the mass of fuel (coal), in kg/FU and    E r    is the impact of coal on the ADP indicator, in kg_eq/kg (Table 5).





2.4. Description of the Multi-Criteria Model


To determine the optimal chemical solvent for integrated CO2 capture by the chemical absorption process in a steam power plant in accordance with the technical, economic, and environmental criteria, a MCM based on the MUNDA and ELECTRE IV method was used [41,42].



The standardization of closed-ended evaluations [0…1] for ecological criteria and part of the economic criteria (CO2 capture cost, LCOE, and DPP) is the ratio to the highest value obtained by an energy system for the values corresponding to each energy system, according to the proposed criterion. In the case of technical and economic criteria (NPV, IRR, and PI), standardization consists of relating the values obtained for each energy system to the lowest of the evaluations corresponding to the proposed criterion. Due to the standardization of ratings, the lower the rating, the better the energy system considered in terms of the proposed criteria.



The appurtenance of energy systems to the negative class for each criterion,    g i   , is defined by the range of values    [  1 −  α i  ,   1  ]   , or    α i  =  (  1 −  g  m i n , i    )  · α  , where αI is the negative discrimination criterion for criterion I, its value being determined by the value of α established by the user provided that   α + β = 1  , or β represents the threshold for positive discrimination. The minimum score obtained by each energy system (Sj) according to criteria I is designated by    g  m i n , i    .



The range of ratings for criterion I, which belong to the positive class, is defined as    [   g  m i n , i   ,  g  m i n , i   +  β i   ]   , where    β i  =  (  1 −  g  m i n , i    )  · β  , where βI is the negative discrimination criterion for criterion I, its value being determined by the value of β. Figure 3 shows that the separation of the two evaluation intervals meets the following requirement:   1 −  α i  =  g  m i n , i   +  β i   , from which it follows that if    g  m i n , i   = 0  ,    α i  +  β i  = 1   for each criterion proposed.



To establish the appurtenance of an energy system in a class for criterion I, the following rules apply:




	
If the energy system Sj belongs only to the negative class    (   g i   (   S j   )  ∈  [  1 −  α i  , 1  ]   )    or to the positive class    (   g i   (   S j   )  ∈  [   g  m i n , i   ,  g  m i n , i   +  β i   ]   )   , then its appurtenance in the negative or positive class is:    μ  n e g a t i v  e  g i      (   S j   )  =  μ  p o s i t i v  e  g i      (   S j   )  = 1  ;



	
If n energy systems simultaneously belong to the positive and negative class, then their appurtenance to a class is:    μ  n e g a t i v  e  g i      (   S j   )  =  μ  p o s i t i v  e  g i      (   S j   )  =  1 n   ;



	
If the energy system Sj does not belong to the negative or positive class, then its appurtenance is:    μ  n e g a t i v  e  g i      (   S j   )  =  μ  p o s i t i v  e  g i      (   S j   )  = 0  .








After establishing the appurtenance of the energy system Sj to the positive class and to the negative class, for each criterion I, the overall evaluation of each system in the two classes was determined, taking into account all the criteria    (  i ∈ 1   …   m  )    proposed using Relations (14) and (15).


   μ  p o s i t i v e    (   S j   )  =     ∑   j = 1  n    ∑   i = 1  m   (   P i  ·  μ  p o s i t i v  e  g i      (   S j   )   )      ∑   i = 1  m   P i     



(14)






    μ  n e g a t i v e    (   S j   )  =     ∑   j = 1  n    ∑   i = 1  m   (   P i  ·  μ  n e g a t i v  e  g i      (   S j   )   )      ∑   i = 1  m   P i       



(15)




where Pi represents the weight (depending on the importance of the criterion analyzed), corresponding to the criterion i.



The global evaluation of an energy system Sj, taking into account its appurtenance to the two classes for each criterion I, is determined by Relation (16). The higher the value of the overall evaluation of an energy system, the better that energy system is taken into account. For an energy system Sj, whose scores for all criteria    (  i ∈ 1   …   m  )    are in the positive class, the overall score is 2. Otherwise, if the scores belong to the negative solution class, the overall score is 0.


     μ  o v e r a l l    (   S j   )  =  μ  p o s i t i v e    (   S j   )  + 1 −  μ  n e g a t i v e    (   S j   )   



(16)









3. Results and Discussion


3.1. Technical and Economic Evaluation


The NH3 capture process was analyzed for different mass concentrations of 2, 5, 7, and 15% respectively, comparing the results with the CO2 capture reference process based on MEA in 30% mass concentration. All results presented were for 90% CO2 capture efficiency. The annual number of operating hours of the plant was estimated at 7500 h/year. The generator efficiency was 98.7% and the mechanical efficiency was 99.6%. Generator losses were between 2.6 and 3.1 MW and mechanical losses between 0.8 and 0.9 MW. The quantity of heat per 1 kg of steam was approximately 2820 kJ/kg for all cases studied. The solvent temperature at the regeneration inlet was 363.15 K and at the regeneration outlet, it was between 398 and 433 K. The specific electrical consumption includes the electrical consumption of pumps, compressors, and the cooling of ammonia solutions. The results for the technical and economic indicators are shown in Table 6.



Before the CO2 capture process, the overall efficiency of the steam power plant was 42.45%. After integration, the overall efficiency fell to about 27.58% for NH3 = 2% wt. and 30.83% for MEA = 30% wt.%. In the case of using NH3 in 2 and 5% wt., the energy penalty was higher due to the electricity consumption to cool the solution at the inlet of the absorption column. Although better results have been obtained using mass concentrations greater than NH3 in solution, it is not preferable to select a mass concentration greater than 7% due to the volatilization of ammonia in the absorption process. The overall efficiency of the power plant decreased by 6.17 to 14.87 percentage points in the case of NH3 use, depending on the mass concentration. In the case of MEA, the overall efficiency decreased by 11.62 percentage points. In the study conducted by Molina and Bouallou (2017), a decrease in the overall efficiency for a 450 MW coal-fired power plant of 7.2 percentage points was obtained when using NH3 in a mass concentration of 3%. In the case of using MEA in a mass concentration of 30%, they obtained a decrease of 11.82 percentage points [43].



The investment costs for a steam power plant without carbon capture process were 2497 €/kW, whereas after integration of the capture process, they amounted to 4333 €/kW. The price of the fuel used was estimated at 55 €/t [44], a discounted rate of around 8%, and a lifespan of 30 years. An important advantage of using ammonia in the chemical absorption capture process is that it has a lower purchase price of 0.672 €/kg, compared to the MEA purchase price of 2 €/kg per liter [27]. Once the CO2 capture process was integrated, the LCOE increased by 53.8−104.7% compared to the LCOE for the steam power plant without CO2 capture. Only in the case of NH3 = 2% wt. was a higher LCOE value obtained than in the case of MEA = 30% wt. due to the higher specific electricity consumption and specific heat, which led to a lower amount of electricity produced. In terms of the CO2 capture cost, according to the analysis made by the IEA in 2021, for the energy sector, it is between 45–90 €/tCO2, depending on the type of CO2 capture technology used [3]. In this study, the CO2 cost capture ranged from 59.07 to 76.21 €/tCO2.



An analysis of the costs of electricity is presented below, approximated by considering the cost of a ton CO2 certificate. Currently, energy regulations on reducing greenhouse gases have led to a tax on carbon dioxide emitted into the atmosphere by steam power plants. The CO2 emissions tax varies depending on the certificate market. The CO2 emissions tax was 31.62 €/tCO2 in 2021, and it reached 96.93 €/tCO2 in 2022 [45]. Thus, this analysis considered the price of a certificate for a ton of CO2 emitted into the atmosphere to vary between 15 €/tCO2 and 100 €/tCO2 to observe when the integration of the chemical absorption capture process was better in terms of LCOE compared to when a capture process was not integrated, and the CO2 emissions tax was paid.



For a CO2 emissions tax of around 70 €/MWh, ammonia solutions with a mass concentration of 7 and 15% were better in terms of LCOE. Where MEA = 30% by weight, a lower LCOE was only obtained if the CO2 the tax was greater than 80 €/MWh (Figure 4). In this case, if the cost of a ton-CO2 certificate continues to grow (this has increased over the last decade to reach the average last year of 60 €/MWh), capture technologies can become a reliable alternative to reduce CO2 emissions from steam power plants.



Regarding the economic criterion of the NPV (Figure 5), we note that without the integration of a carbon capture technology, the project is profitable even if a CO2 emissions tax of 100 €/tCO2 is considered, but the NPV was decreased by 65%. In the case of solutions with a capture process, it was found that the capture process using a mass concentration ammonia solution at 2% is not economically efficient if the CO2 emissions tax is 100 €/tCO2, the NPV value being less than 0. For 5%, 7%, and 15% solvent mass concentration of NH3, the NPV had positive values regardless of the CO2 emissions tax. Regarding the MEA solution for a CO2 emissions tax of 60 €/tCO2, the NPV was 163 M€. NH3 capture solutions (7% and 15% by mass concentration) were economically better than the MEA solution, because the amount needed to regenerate the solvent is lower, and therefore a smaller additional amount of fuel is used, resulting in lower fuel costs. Another reason why the NH3 based solution was best is that the cost of purchasing ammonia is much lower than the cost of purchasing MEA. Regarding the other economic indicators (Figure 6, Figure 7 and Figure 8), the same conclusions can be drawn as for the NPV indicator. The PI indicator shows, for example, that the case based on NH3 in a mass concentration of 2% is not a cost-effective solution as the PI is less than 1 for a CO2 emissions tax of 100 €/tCO2. For all other cases studied, the PI indicator had values greater than 1, which means that they are profitable (Figure 8).




3.2. Environmental Evaluation


The values of the impact indicators quantify the emissions from the two stages of the fuel life cycle, namely extraction, processing, transport (stage 1) and combustion (stage 2). For ADP, only the mass of fuel from the extraction step was taken into account.



Table 7 presents the results for the impact indicators for the functional unit considered (1 MWh of electricity).



The ADP indicator increased compared to the baseline scenario (steam power plant without CO2 capture technology) for all variants where the CO2 capture process was integrated. If ammonia was used, the highest increase in the ADP indicator was recorded for a mass concentration of 2%, since in this case, the amount of heat required for regeneration was the highest, and therefore, a greater amount of fuel was used to produce electricity. When comparing the process of chemical absorption using NH3 with the MEA process at 30% mass concentration, it should be noted that for MEA, the ADP indicator was the highest, with an increase of 24.3% over the baseline.



In terms of GWP, the highest value was obtained for the case without CAP, since the other cases included CO2 capture process, and thus reduced CO2 emissions by 90% at the combustion stage. For CO2 capture, the GWP values did not differ significantly, ranging from 149 to 134 kg_CO2_eq/MWh, with a decrease of between 85% and 89% of this life cycle indicator. For this indicator alone, the percentage of emissions in the combustion phase that contributed to the total value was 87.43% while the remaining 12.57% represented the emissions from the extraction, processing, and transport stages. For the other indicators, the combustion stage emissions had a percentage greater than 96%.



The results obtained for EP shows that the increases are significant for this indicator during the integration of the chemical absorption process NH3, as the amount of ammonia lost in the CO2 capture process is taken into account based. Compared to the case without CCS, for a mass concentration of NH3 = 2%, there was an increase of 206.6%; for a mass concentration of NH3 = 5%, an increase of 579.7%; for a mass concentration of 7%, an increase of 924.3%; and an increase of 3533.2% for a mass concentration of 15%. All this indicates that in terms of this indicator, the NH3 capture process is less advantageous compared to the MEA capture process, with only a 24.3% increase in EP compared to power generation without carbon dioxide capture technology.



For the AP indicator, as for the EP indicator, a significant increase was noted in all cases of ammonia. However, in this case, such large increases were no longer present, as SO2 emissions were also taken into account. Thus, the percentage increases varied between 24.3 and 243.9%, with the highest value for NH3 = 15 wt.%, and the lower value for MEA = 30 wt.%.



In the case of the POCP impact class, it should be noted that the highest value was obtained with MEA, because in this case, a greater amount of fuel was used to provide the necessary heat to the chemical solvent regeneration, while the lowest value was obtained when NH3 was used at a mass concentration of 15%. The same variations were observed for the HTP impact class as for the POCP impact class. Compared to the variant without CAP, both for POCP and HTP, there was a 24.3% increase in MEA, while in NH3 = 15 wt.%, there was an increase of 1.5%.




3.3. Multi-Criteria Evaluation


Table 8 sets out the results obtained for the technical, economic, and environmental criteria taken into account in the MCM, for all cases where the chemical absorption process is integrated. Regarding the economic criteria, the value considered for the CO2 emissions tax was of 60 €/tCO2 (last year average).



Since the variant where a CO2 capture process was not integrated showed the best evaluations for most criteria considered, our MCM only applies to solutions in which the CO2 capture process is integrated (i.e., a multi-criteria analysis was carried out for solutions 2, 3, 4, 5, and 6). After gathering the results on the analyzed criteria, the evaluations were normalized in the range [0…1], with the resulting values given in Table 9.



In order to determine the discrimination thresholds, αi, βi, the values of the coefficients α and β must be chosen. Thus, in the first phase, we considered that α = β = 0.5. With this assumption, the values of the positive and negative discrimination thresholds were the same.



3.3.1. Results of the Technical Criteria Evaluation


The results obtained for each family of criteria are given below, taking the same weighting for all the criteria analyzed, Pi = 1. Figure 9 shows the overall evaluation of the cases considered in terms of the technical criteria family.



Note that case 2 was the lowest, with a 0.5 score for the technical evaluation, with the highest percentage decrease in thermal efficiency and an overall efficiency penalty. Cases 4 and 5 showed the best ratings, both with a score of 1.33. Even if, in terms of actual values of thermal efficiency and overall penalty efficiency, cases 4 and 5 differed, these cases obtained the same score due to the choice of the α and β coefficients of 0.5, which influenced the thresholds for positive and negative discrimination, and therefore whether a case belonged to the positive or negative class.




3.3.2. Results of the Economic Criteria Evaluation


The overall evaluation values are shown in Figure 10. If the cases studied belonged to the negative class, we noted that the NH3-based cases studied at mass concentrations of 5, 7, and 15% were better, and the value of 0 was obtained in all variants and for all the economic criteria analyzed, than the case based on MEA, for which the negative appurtenance value was 0.5. However, as with positive appurtenance, a value of 0 was obtained for NH3-based cases in a mass concentration of 2%. Thus, it was concluded that case 3 was the best from an economical point of view, with an overall evaluation of 1.31, followed by cases 4 and 5, with an overall evaluation of 1, while the weakest was case 2, with an overall rating of 0.33.




3.3.3. Results of the Environmental Criteria Evaluation


In the case of environmental criteria, it appeared that the negative class appurtenance was smaller and that the positive class appurtenance was higher for criteria C6, C7, C10, and C11 for cases 3, 4, and 5. For criteria C8 (eutrophication) and C9 (acidification), the negative class belonging to Case 5 was the highest due to the ammonia lost in the absorption process and its contribution to the calculation of impact indicators.



Regarding the overall evaluation of the solutions in terms of environmental criteria (Figure 11), cases 3 and 4 were the best, with the same score of 1.31. The weakest cases were cases 2 and 6, both with a score of 0.75.





3.4. Overall Evaluation


The following is the evaluation of the solutions for all the criteria considered by a radar chart (Figure 12). This diagram shows that case 3 had a better evaluation for all the criteria families. However, it is difficult to know which is the best energy system regarding the three families of criteria.



In order to determine the overall evaluation of the three families of criteria, we used Heron’s formula to calculate the area of the triangle with dimensions as values obtained during the evaluation for each family of criteria. The overall evaluation for each case was then equal to the percentage represented by the area of the triangle or the total area of the triangles for all cases. Thus, case 4 had the best overall evaluation with a percentage of 30.1%, followed by cases 3 and 5 with a percentage of 28.3% and 23.5%, respectively. The lowest overall ratings are for cases 2 and 6, with 5.7% and 12.4% respectively.




3.5. Robustness Analysis


The robustness analysis aimed at varying the β and the α coefficients to assess the impact on the results established in § 3.4. The weighting values of all the criteria of this sensitivity analysis were 1. The situations considered were α = 0.6, α = 0.7, α = 0.8, and α = 0.9.



For the first two situations, α = 0.6, α = 0.7, both the evaluations by the family of criteria and the overall evaluation were the same as for the previous ones, α = β = 0.5 obtaining the same classification of cases studied with the same scores.



If, in the situations where α = 0.5, α = 0.4, and α = 0.3, the classification of cases for the overall evaluation has not changed and if the range of appurtenance to the positive class is reduced by 70%, α = 0.8, the classification of the studied cases is modified, with case 5 ranked first, with a value of 34.2%. Case 3 obtained 16.7% and Case 4, which had been the best rated so far, obtained 27.4%, as the second case. Case 2 remained the weakest solution and case 6 obtained a score of 12.5%. If the range of cases to the positive class, α = 0.9, was reduced by 80%, case 5 had the highest score, which was 47.8%, followed by cases 4, 3, 6, and 2. The 80% reduction in appurtenance range in the positive class changed the case hierarchy for the 70% reduction and the initial variant, where the ranges were equal. We can say that the choice of coefficients α and β had a significant impact on the classification of cases according to the three families of criteria.



Figure 13 shows the values of the global evaluations for all the discrimination thresholds studied. There was no change in the order of the solutions for the positive discrimination threshold, β, 0.3, 0.4, and 0.5. Instead, the impact of the positive discrimination threshold on the ranking of optimum solutions was observed for values of 0.1 and 0.2.





4. Conclusions


The integration of CO2 capture technologies into steam power plants plays an important role in decarbonizing the energy sector. Selecting the most competitive CO2 capture process with minimal impact on the technical, economic, and environmental performance of the power plant depends on several factors such as specific parameters of the power plant, solvent used in the capture process, and the CO2 emissions tax. Thus, in this study, the CO2 capture process by chemical adsorption at different mass concentrations of ammonia in the chemical solvent was analyzed and compared with the reference CO2 capture process based on MEA at a mass concentration of 30%. A multi-criteria model was applied to take into account the three categories of indicators calculated for a steam power plant (technical, economic, and environmental) in choosing the optimal CO2 capture process. In terms of technical indicators, the efficiency penalty associated with the integration of the CO2 capture process into the steam power plant had values between 15.31–35.01%, with the highest value in the case of using NH3 = 2% wt. In terms of economic indicators, the results obtained were influenced by the CO2 emissions tax. Thus, for the cases studied in this article, for a CO2 emissions tax higher than 70 €/tCO2, the steam power plant with CO2 capture is more profitable than the steam power plant without CO2 capture. With regard to environmental indicators, the main disadvantage consists of the fact that when integrating the CO2 capture process, the amount of primary resources used increases. This leads to an increase in the amount of other pollutants (SOx, NOx, solid particles). On the other hand, the CO2 emissions decrease significantly depending on efficiency of the CO2 capture process.



The multi-criteria model can be applied to compare different processes, systems, or products. The ranking of the analyzed solutions depends on the importance given to each criterion and the values of the discrimination thresholds. After applying the multi-criteria model and under the assumptions made (positive and negative discrimination threshold equal to 0.5, same weight given all criteria considered), the solution that obtained the highest score of 30.1% was the one based on 7% NH3.
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Nomenclature




	
Abbreviations




	
ADP

	
Depletion of natural resources




	
AP

	
Acidification potential




	
CA

	
Chemical absorption process




	
CCS

	
Carbon Capture and Storage




	
DPR

	
Discounted payback period




	
EP

	
Eutrophication potential




	
F.U

	
Functional unit




	
GWP

	
Global warming potential




	
HP

	
High pressure




	
HTP

	
Human toxicity potential




	
IP

	
Intermediate pressure




	
IRR

	
Internal rate of return




	
LCA

	
Life cycle assessment




	
LCOE

	
Levelized cost of electricity




	
LHV

	
Lower heating value




	
LP

	
Low pressure




	
MEA

	
Monoethanolamine




	
MCM

	
Multi-criteria model




	
NPV

	
Net present value




	
PI

	
Profitability index




	
POCP

	
Photochemical ozone creation potential




	
PP

	
Thermal power plant




	
ST

	
Steam turbine




	
TEG

	
Triethylene glycol




	
Greek letters and Symbols




	
i

	
Criterion,    (  i ∈ 1   …     m  )   




	
Sj

	
Energy system/solution,    (  j ∈ 1   …     n  )   




	
    g i    

	
Appurtenance of energy systems to negative class for each criterion i




	
    g  m i n , i     

	
Minimum rating for Sj for criterion i




	
  α  

	
Negative discrimination threshold




	
  β  

	
Positive discrimination threshold




	
    α i    

	
Negative discrimination criterion for criterion i




	
    β i    

	
Positive discrimination criterion for criterion i




	
    μ  n e g a t i v  e  g i      ( S )    

	
Appurtenance of an energy system S in negative class for criterion i




	
    μ  p o s i t i v  e  g i      ( S )    

	
Appurtenance of an energy system S in positive class for criterion i




	
    μ  n e g a t i v  e  g i      ( S )    

	
Appurtenance of an energy system S in negative class for all criterion i




	
    μ  p o s i t i v e    ( S )    

	
Appurtenance of an energy system S in positive class for all criterion i




	
    η  t h e r m a l     

	
Thermal efficiency, [-]




	
    η  t h e r m a l     

	
Net efficiency, [-]




	
    η  o v e r a l l     

	
Overall efficiency, [-]




	
    P i    

	
Weight corresponding to criterion i




	
l

	
Lifespan of thermal power plant, [year]




	
lf

	
Functional lifespan of thermal power plant, [year]




	
lpi

	
Period of initial investment, [year]




	
eq

	
Equivalent




	
    E k    

	
Contribution of pollutant k to impact class E, [kg equivalent]




	
    E r        

	
Contribution of fuel r to impact class E, [kg equivalent]




	
    m k    

	
Mass of pollutant, [kg]




	
    m r    

	
Mass of fuel, [kg]




	
r

	
Discount rate




	
w/o

	
Without




	
wt.

	
Mass concentration




	
y

	
Year








References


	



Hassanpouryouzband, A.; Joonaki, E.; Edlmann, K.; Haszeldine, R.S. Offshore geological storage of hydrogen: Is this our best option to achieve net-zero? ACS Energy Lett. 2021, 6, 2181–2186. [Google Scholar] [CrossRef]

	



Ritchie, H.; Roser, M. CO2 and Greenhouse Gas Emissions. Our World in Data. 2020. Available online: https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions (accessed on 10 April 2022).

	



IEA, Global Energy Review. 2021. Available online: https://www.iea.org/reports/global-energy-review-2021 (accessed on 11 April 2022).

	



Hassanpouryouzband, A.; Yang, J.; Tohidi, B.; Chuvilin, E.; Istomin, V.; Bukhanov, B.; Cheremisin, A. Insights into CO2 capture by flue gas hydrate formation: Gas composition evolution in systems containing gas hydrates and gas mixtures at stable pressures. ACS Sustain. Chem. Eng. 2018, 6, 5732–5736. [Google Scholar] [CrossRef]

	



Kheirinik, M.; Ahmed, S.; Rahmanian, N. Comparative Techno-Economic Analysis of Carbon Capture Processes: Pre-Combustion, Post-Combustion, and Oxy-Fuel Combustion Operations. Sustainability 2021, 13, 13567. [Google Scholar] [CrossRef]

	



Madejski, P.; Chmiel, K.; Subramanian, N.; Kuś, T. Methods and Techniques for CO2 Capture: Review of Potential Solutions and Applications in Modern Energy Technologies. Energies 2022, 15, 887. [Google Scholar] [CrossRef]

	



Li, X.; Liu, J.; Jiang, W.; Gao, G.; Wu, F.; Luo, C.; Zhang, L. Low energy-consuming CO2 capture by phase change absorbents of amine/alcohol/H2O. Sep. Purif. Technol. 2021, 275, 119181. [Google Scholar] [CrossRef]

	



Huamán, R.N.E.; Lourenco, S. A Review on: CO2 Capture Technology on Fossil Fuel Power Plant. J. Fundam. Renew. Energy Appl. 2015, 5, 1000164. [Google Scholar] [CrossRef]

	



Chen, Y.; Cao, Y.; Sun, X.; Yan, C.; Mu, T. New criteria combined of efficiency, greenness, and economy for screening ionic liquids for CO2 capture. Int. J. Greenh. Gas Control 2013, 16, 13–20. [Google Scholar] [CrossRef]

	



Sotenko, M.; Fernández, J.; Hu, G.; Derevschikov, V.; Lysikov, A.; Parkhomchuk, E.; Semeykina, V.; Okunev, A.; Rebrov, E.V. Performance of novel CaO-based sorbents in high temperature CO2 capture under RF heating. Chem. Eng. Process. 2017, 122, 487–492. [Google Scholar] [CrossRef]

	



Cormos, C.C.; Dinca, C. Techno-economic and environmental implications of decarbonization process applied for Romanian fossil-based power generation sector. Energy 2021, 220, 119734. [Google Scholar] [CrossRef]

	



Jung, W.; Lee, J. Economic evaluation for four different solid sorbent processes with heat integration for energy-efficient CO2 capture based on PEI-silica sorbent. Energy 2022, 238, 121864. [Google Scholar] [CrossRef]

	



Goto, K.; Yogo, K.; Higashii, T. A review of efficiency penalty in a coal-fired power plant with post-combustion CO2 capture. Appl. Energy 2013, 111, 710–720. [Google Scholar] [CrossRef]

	



Sowinski, J. Application of Real Options Approach to Analyse Economic Efficiency of Power Plant with CCS Installation under Uncertainty. Energies 2022, 15, 1050. [Google Scholar] [CrossRef]

	



Oh, S.Y.; Binns, M.; Cho, H.; Kim, J.K. Energy minimization of MEA-based CO2 capture process. Appl. Energy 2016, 169, 353–362. [Google Scholar] [CrossRef]

	



Raksajati, A.; Ho, M.T.; Wiley, D.E. Reducing the cost of CO2 capture from flue gases using aqueous chemical absorption. Ind. Eng. Chem. Res. 2013, 52, 16887–16901. [Google Scholar] [CrossRef]

	



Santoyo-Castelazo, E.; Stamford, L.; Azapagic, A. Environmental implications of decarbonising electricity supply in large economies: The case of Mexico. Energy Convers. Manag. 2014, 85, 272–291. [Google Scholar] [CrossRef]

	



Tang, Y.; You, F. Life cycle environmental and economic analysis of pulverized coal oxy-fuel combustion combining with calcium looping process or chemical looping air separation. J. Clean. Prod. 2018, 181, 271–292. [Google Scholar] [CrossRef]

	



Petrescu, L.; Cormos, C.C. Environmental assessment of IGCC power plants with pre-combustion CO2 capture by chemical & calcium looping methods. J. Clean. Prod. 2017, 158, 233–244. [Google Scholar] [CrossRef]

	



Corsten, M.; Ramírez, A.; Shen, L.; Koornneef, J.; Faaij, A. Environmental impact assessment of CCS chains–lessons learned and limitations from LCA literature. Int. J. Greenh. Gas Control 2013, 13, 59–71. [Google Scholar] [CrossRef]

	



Marx, J.; Schreiber, A.; Zapp, P.; Haines, M.; Hake, J.F.; Gale, J. Environmental evaluation of CCS using life cycle assessment—A synthesis report. Energy Procedia 2011, 4, 2448–2456. [Google Scholar] [CrossRef]

	



Pehnt, M.; Henkel, J. Life cycle assessment of carbon dioxide capture and storage from lignite power plants. Int. J. Greenh. Gas Control 2009, 3, 49–66. [Google Scholar] [CrossRef]

	



Singh, B.; Strømman, A.H.; Hertwich, E. Life cycle assessment of natural gas combined cycle power plant with post-combustion carbon capture, transport and storage. Int. J. Greenh. Gas Control 2011, 5, 457–466. [Google Scholar] [CrossRef]

	



Man, Y.; Yang, S.; Xiang, D.; Li, X.; Qian, Y. Environmental impact and techno-economic analysis of the coal gasification process with/without CO2 capture. J. Clean. Prod. 2014, 71, 59–66. [Google Scholar] [CrossRef]

	



Cormos, C.C.; Petrescu, L.; Cormos, A.M.; Agachi, S. Process Design and Integration of Various Carbon Capture Approaches into the Energy Sector and Other Energy-intensive Industrial Applications. Comput. Aided Chem. Eng. 2016, 38, 265–270. [Google Scholar] [CrossRef]

	



Norişor, M.; Badea, A.; Dinca, C. Economical and technical analysis of CO2 transport ways. UPB Sci. Bull. 2012, 74, 303–308. [Google Scholar]

	



Slavu, N. Multi Criteria Assessment of CO2 Capture Processes by Chemical Absorption Using Ammonia Solutions. Ph.D. Thesis, Politehnica University of Bucharest, Bucharest, Romania, 2019. [Google Scholar]

	



Hübel, M.; Meinke, S.; Andrén, M.T.; Wedding, C.; Nocke, J.; Gierow, C.; Hassel, E.; Funkquist, J. Modelling and simulation of a coal-fired power plant for start-up optimization. Appl. Energy 2017, 208, 319–331. [Google Scholar] [CrossRef]

	



Shakerian, F.; Kim, K.H.; Szulejko, J.E.; Park, J.W. A comparative review between amines and ammonia as sorptive media for post-combustion CO2 capture. Appl. Energy 2015, 148, 10–22. [Google Scholar] [CrossRef]

	



Pascu, A.; Stoica, L.; Dinca, C.; Badea, A. The package type influence on the performance of the CO2 capture process by chemical absorption. UPB Sci. Bull. 2016, 78, 259–270. [Google Scholar]

	



Cormos, A.M.; Dinca, C.; Cormos, C.C. Energy efficiency improvements of post-combustion CO2 capture based on reactive gas–liquid absorption applied for super-critical circulating fluidized bed combustion (CFBC) power plants. Clean Technol. Environ. Policy 2018, 20, 1311–1321. [Google Scholar] [CrossRef]

	



Slavu, N.; Dinca, C.; Badea, A. Chilled ammonia process evaluation for CO2 separation. UPB Sci. Bull. 2019, 81, 275–284. [Google Scholar]

	



Dinca, C. Technical, environmental and economic assessment of CO2 absorption chemical process integration in the power plant technologies. In Materials and Processes for Energy: Communicating Current Research and Technological Developments; Méndez-Vilas, A., Ed.; Formatex Research Center: Badajoz, Spain, 2013; pp. 935–945. [Google Scholar]

	



Belyadi, H.; Fathi, E.; Belyadi, F. Hydraulic Fracturing in Unconventional Reservoirs Theories, Operations, and Economic Analysis, 2nd ed.; Gulf Professional Publishing: Houston, TX, USA, 2019; pp. 341–404. [Google Scholar]

	



ISO 14040; Environmental Management—Life Cycle Assessment—Principals and Framework. International Standard ISO: Geneva, Switzerland, 2006.

	



Guinée, J. Handbook on life cycle assessment—Operational guide to the ISO standards. Int. J. Life Cycle Assess. 2001, 6, 255. [Google Scholar] [CrossRef]

	



Dhole, V.R.; Linnhoff, B. Total site targets for fuel, co-generation, emissions, and cooling. Comput. Chem. Eng. 1993, 17, 101–109. [Google Scholar] [CrossRef]

	



Malla, S. CO2 emissions from electricity generation in seven Asia-Pacific and North American countries: A decomposition analysis. Energy Policy 2009, 37, 1–9. [Google Scholar] [CrossRef]

	



Goedkoop, M.; Spriensma, R. The Eco-Indicator 99: A Damage Oriented Method for Life Cycle Impact Assessment. Methodology Report 2. 2001. Available online: https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiWn-Xd57D3AhVQSGwGHcqSBosQFnoECAMQAQ&url=https%3A%2F%2Fwww.pre-sustainability.com%2Fdownload%2FEI99_annexe_v3.pdf&usg=AOvVaw2ocXYocSQ7soc0ZySUV-Vu (accessed on 10 April 2022).

	



Dinca, C.; Badea, A.; Apostol, T. Life cycle impact assessment of fossil fuels. UPB Sci. Bull. 2010, 71, 115–126. [Google Scholar]

	



Dinca, C. Evaluation Environnementale et Technico—Economique du Cycle de Vie de la Combustion du Gaz Naturel et Propositions D’Améliorations Techniques. Ph.D. Thesis, Institut National des Sciences Appliquées de Lyon, Lyon, France, 2006. [Google Scholar]

	



Blanc, A. Analyse de Cycle de Vie des Filières de Traitement des Sites Industriels Pollués. Ph.D. Thesis, Institut National des Sciences Appliquées de Lyon, Lyon, France, 1999. [Google Scholar]

	



Molina, C.T.; Bouallou, C. Comparison of different CO2 recovery processes in their optimum operating conditions from a pulverized coal power plant. Energy Procedia 2017, 114, 1360–1365. [Google Scholar] [CrossRef]

	



Trading Economics. Available online: https://tradingeconomics.com/commodity/coal/ (accessed on 25 January 2022).

	



Ember. Available online: https://ember-climate.org/data/carbon-price-viewer/ (accessed on 1 March 2022).








[image: Processes 10 00859 g001 550] 





Figure 1. Chemical species and vapor−liquid−solid equilibrium phase for the NH3−CO2−H2O system [29]. 
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Figure 2. Schematic diagram of the chemical absorption capture process [32]. Reproduced with permission from [Nela Slavu, Cristian Dinca, Adrian Badea], [Scientific Bulletin, Series C: Electrical Engineering and Computer Science]; published by [Ecaterina Andronescu], (2019). 
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Figure 3. The appurtenance of energy systems to the positive or negative class. 
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Figure 4. The LCOE with and without a CO2 capture process according to the CO2 emissions tax. 
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Figure 5. NPV with and without the CO2 capture process according to the CO2 emissions tax. 
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Figure 6. IRR with and without the CO2 capture process according to the CO2 emissions tax. 
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Figure 7. DPP with and without the CO2 capture process according to the CO2 emissions tax. 
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Figure 8. PI with and without the CO2 capture process according to the CO2 emissions tax. 
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Figure 9. The overall evaluation of the cases studied according to the technical criteria. 
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Figure 10. The overall evaluation of the cases studied according to the economic criteria. 
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Figure 11. The overall evaluation of the cases studied according to the environmental criteria. 
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Figure 12. Global evaluation of solutions according to the three families of criteria. 
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Figure 13. Global evaluation of the cases studied according to the positive discrimination threshold. 
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Table 1. Coal composition.






Table 1. Coal composition.





	
Ultimate Analysis (wt.%)

	
LHV, kJ/kg




	
Carbon

	
Hydrogen

	
Oxygen

	
Nitrogen

	
Sulfur

	
Ash

	
Water






	
58.00

	
2.00

	
1.80

	
1.00

	
0.80

	
18.30

	
18.10

	
21,421
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Table 2. Steam characteristics at different extraction points.






Table 2. Steam characteristics at different extraction points.





	Turbine Stage
	Outlet Pressure (Bar)
	Outlet Temperature (°C)
	Flow (kg/s)





	HP
	200
	580
	149.34



	IP
	40.10
	576.90
	136.96



	IP
	22.11
	483.03
	137.96



	IP
	9.97
	369.40
	130.33



	IP
	5.56
	294.65
	124.72



	LP
	2.54
	206.15
	118.86



	LP
	1.01
	119.54
	113.21



	LP
	0.34
	72.25
	107.77



	Outlet LP
	0.05
	34.25
	102.52



	Condenser
	0.05
	34.25
	102.52
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Table 3. Steam power plant characteristics with subcritical parameters.






Table 3. Steam power plant characteristics with subcritical parameters.





	Indicators
	Values





	Electric power at the generator terminals, MW
	200



	Annual operating hours, h/an
	7500



	Number of preheated steps, -
	7



	HP heaters number, -
	2



	Electricity produced, GWh/an
	1346.42



	Steam pressure, bar
	200



	Steam temperature, °C
	580



	Condensing pressure, bar
	0.05



	Condensing temperature, °C
	34.25



	Steam flow, kg/s
	149.34



	Generator losses, MW
	2.60



	Generator efficiency, %
	98.71



	Mechanical losses, MW
	0.82



	Internal power ST, MW
	203.42



	Mechanical efficiency, %
	99.60



	Internal mechanical work, kJint/kg
	1364.50



	Specific heat amount, kJ/kg
	2819.63



	Specific energy, kJel/kg
	1341.60



	Thermal efficiency, %
	48.40



	Overall efficiency, %
	42.44



	Coal flow, kg/s
	19.03



	Flue gases flow, kg/s
	241.32
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Table 4. Data CO2 capture process data input.






Table 4. Data CO2 capture process data input.





	Parameter
	CAP Using NH3

(2, 5, 7, 15% wt.)
	CAP Using MEA (30% wt.)





	Flue gases temperature at the inlet at absorption column, °C
	20
	20



	Temperature of the chemical solvent at the inlet of the absorption column, °C
	0
	40



	Flue gases pressure, bar
	1.2
	1.1



	Chemical solvent pressure, bar
	1.1
	1.1



	Number of absorption column steps, -
	19
	19



	Number of desorption column steps, -
	15
	15



	SCH temperature CO2 lean/rich solvent, °C
	70
	70



	CO2 lean loading solvent, molCO2/molNH3/MEA
	0.3
	0.21
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Table 5. Classification and quantification of emissions [41].






Table 5. Classification and quantification of emissions [41].





	Impact Evaluation
	Pollutants
	Equation Used
	Values





	ADP

[kg_Sb_eq/FU]
	-
	  A D P =   ∑ r   A D  P r  ×  m r   

  A D  P r   —ADP for each resource “r”, [kg_Sb_eq/kg]

   m r   —quantity used for the resource “r”, [kg/FU]
	ADPnatural gas = 0.0187

ADPhard coal = 0.0134

ADPlignite = 0.00678



	GWP [t_CO2_eq/FU]
	CO2, CH4, N2O
	  G W P =   ∑ k   G W  P k  ×  m k   

  G W  P k   – GWP for each pollutant “k”, [kg_CO2_eq/kg]

   m k   —quantity used for the pollutant “k”, [kg/FU]
	GWPCO2 = 1

GWPCH4 = 21

GWPN2O = 310



	AP

[t_SO2_eq/FU]
	SO2, NH3, NO2
	  A P =   ∑ k   A  P k  ×  m k   

  A  P k   —AP potential for each pollutant “k”, [kg_SO2_eq/kg]

   m k   —quantity used for the pollutant “k”, [kg/FU]
	APSO2 = 1.2

APNH3 = 1.6

APNO2 = 0.5



	POCP

[t_C2H4_eq/FU]
	CO, SO2, CH4, CH2O, NO2
	  P O C P =   ∑ k   P O C  P k  ×  m k   

  P O C  P k   —POCP potential for each pollutant “k”, [kg_C2H4_eq/kg]

   m k   —quantity used for pollutant “k”, [kg/FU]
	POCPCO = 0.027

POCPSO2 = 0.048

POCPCH4 = 0.006

POCPCH2O = 0.519

POCPNO2 = 0.028



	EP

[t_PO43−_eq/FU]
	NO, NH3, NO2, COD, NH4
	  E P =   ∑ k   E  P k  ×  m k   

  E  P k   —EP potential for each pollutant “k”, [kg_PO43−_eq/kg]

   m k     —quantity used for the pollutant “k”, [kg/FU]
	EPNO = 0.2

EPNH3 = 0.35

EPNO2 = 0.13

EPCOD = 0.022

EPNH4 = 0.35



	HTP

[t_1.4DCB_eq/FU]
	SO2, NH3, NO2, Dust, CH2O, Pb, Phenol, HCl, HF
	  H T P =   ∑ k     ∑  c o m    H T  P  c o m , k   ×  m  c o m , k    

com: compartment (air, water soil);

  H T  P  c o m , k    —HTP potential for each pollutant “k”, and for each compartment, [kg_1.4DCB_eq/kg]

   m  c o m , k    —quantity used for the pollutant “k” and compartment, [kg/FU]
	HTPSO2 = 0.096

HTPNH3 = 0.1

HTPNO2 = 1.2

HTPDust = 0.82

HTPCH2O = 0.83

HTPPb = 3300

HTPPhenol = 0.52

HTPHCl = 0.5

HTPHF = 94
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Table 6. Technical and economic indicators.






Table 6. Technical and economic indicators.





	Technical Indicators
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5
	Case 6



	Electricity produced, GWh/year
	1346.4
	1009.9
	1090.2
	1101.7
	1125.7
	1172.0



	Internal mechanical work, kJint/kg
	1364.5
	1081.8
	1250.8
	1281.3
	1321.7
	1071.0



	Quantity of specific heat, kJel/kg
	1341.6
	1064.3
	1230.0
	1259.9
	1299.5
	1052.7



	Fuel flow rate, kg/s
	19.03
	22.79
	20.44
	19.91
	19.31
	23.66



	Flue gases flow rate, kg/s
	241.32
	289.01
	259.18
	252.52
	244.84
	300.04



	CO2 Capture Process Indicators
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5
	Case 6



	NH3/H2O or MEA/H2O concentration, % wt.
	-
	2
	5
	7
	15
	30



	CO2 capture efficiency, %
	-
	90
	90
	90
	90
	90



	L/G ratio, [kgsolvent/kgflue_gases]
	-
	2.08
	0.94
	0.71
	0.38
	1.13



	Solvent flow, kg/s
	-
	599.70
	243.63
	179.29
	93.04
	339.04



	Steam output for regeneration, kg/s
	-
	75.16
	25.65
	18.00
	8.52
	34.12



	Regenerator heating capacity, MWe
	-
	175.94
	60.08
	42.16
	19.97
	79.85



	Specific process heat, GJ/tCO2
	-
	8.27
	2.83
	1.99
	0.94
	2.96



	Specific consumption of electrical energy, kWh/tCO2
	-
	259.19
	146.13
	123.79
	92.13
	25.86



	Overall efficiency of power plant, %
	42.45
	27.58
	33.19
	34.44
	36.28
	30.83



	Penalty overall efficiency, %
	-
	35.01
	27.98
	20.61
	15.31
	21.35



	Economic Indicators
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5
	Case 6



	Investment costs, €/kW
	2497
	4333
	4333
	4333
	4333
	4333



	Fuel cost, M€/year
	28.25
	33.84
	30.35
	29.56
	28.67
	35.13



	NH3 or MEA cost, M€/year
	-
	0.77
	1.92
	2.69
	5.77
	8.17



	Operating and maintenance costs, M€/year
	10.44
	21.10
	21.13
	21.06
	21.09
	21.07



	Levelized cost of electricity, €/MWh
	42.48
	86.95
	78.42
	77.56
	77.86
	82.33



	CO2 capture cost, €/tCO2
	-
	76.21
	60.90
	59.07
	59.46
	68.57



	CO2 avoided cost, €/tCO2
	-
	87.81
	69.81
	67.93
	68.22
	79.06
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Table 7. Values of impact indicators relative to 1 MWh.






Table 7. Values of impact indicators relative to 1 MWh.





	Impact Indicator
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5
	Case 6





	ADP, kg_Sb_eq/MWh
	3.71
	5.93
	4.93
	4.75
	4.51
	5.31



	GWP, kg_CO2_eq/MWh
	823.83
	149.15
	123.91
	119.44
	113.37
	133.42



	EP, kg_PO43−_eq/MWh
	0.55
	2.25
	4.62
	6.89
	23.94
	0.78



	AP, kg_SO2_eq/MWh
	8.02
	14.18
	14.54
	16.45
	33.01
	11.46



	POCP, kg_C2H4_eq/MW
	0.35
	0.56
	0.47
	0.45
	0.43
	0.50



	HTP, kg_1.4DCB_eq/MWh
	5.53
	8.83
	7.34
	7.07
	6.71
	7.90
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Table 8. Multi-criteria analysis input data.






Table 8. Multi-criteria analysis input data.





	
Criterion

	
Case 2

	
Case 3

	
Case 4

	
Case 5

	
Case 6






	
Technical




	
C1—Overall efficiency, %

	
27.58

	
33.19

	
34.44

	
36.28

	
30.83




	
C2—Penalty overall efficiency, %

	
35.01

	
27.98

	
20.61

	
15.31

	
21.35




	
Economic




	
C3—CO2 capture cost, €/tCO2

	
25.59

	
9.24

	
7.45

	
7.56

	
16.66




	
C4—LCOE, €/MWh

	
92.56

	
83.08

	
82.05

	
82.13

	
87.31




	
C5—NPV, M€

	
27

	
152

	
168

	
182

	
163




	
Environmental




	
C6—ADP, t_Sb_eq

	
5996.90

	
5378.53

	
5239.06

	
5081.18

	
6225.83




	
C7—GWP, t_CO2_eq

	
150,622

	
135,091

	
131,588

	
127,622

	
156,372




	
C8—EP, t_PO43-_eq

	
2274.18

	
5042.00

	
7598.22

	
26,950.87

	
922.26




	
C9—AP, t_SO2_eq

	
14,329.2

	
15,853.9

	
18,129.8

	
37,165.11

	
13,437.4




	
C10—POCP, t_C2H4_eq

	
574.49

	
515.25

	
501.89

	
486.77

	
596.42




	
C11—HTP, t_1.4DCB_eq

	
8925.21

	
8004.88

	
7797.32

	
7562.34

	
9265.92
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Table 9. Normalization of assessments.






Table 9. Normalization of assessments.





	
Criterion

	
Case 2

	
Case 3

	
Case 4

	
Case 5

	
Case 6






	
Technical




	
C1

	
0.99

	
0.85

	
0.83

	
0.80

	
1.00




	
C2

	
1.00

	
0.79

	
0.58

	
0.43

	
0.61




	
Economic




	
C3

	
1.00

	
0.71

	
0.68

	
0.68

	
0.85




	
C4

	
0.97

	
0.86

	
0.85

	
0.82

	
1.00




	
C5

	
1.00

	
0.03

	
0.02

	
0.02

	
0.03




	
Environmental




	
C6

	
0.96

	
0.86

	
0.84

	
0.81

	
1.00




	
C7

	
0.96

	
0.86

	
0.84

	
0.81

	
1.00




	
C8

	
0.08

	
0.18

	
0.28

	
1.00

	
0.03




	
C9

	
0.38

	
0.42

	
0.48

	
1.00

	
0.36




	
C10

	
0.96

	
0.86

	
0.84

	
0.81

	
1.00




	
C11

	
0.96

	
0.86

	
0.84

	
0.81

	
1.00
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