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Abstract

:

The reduction of fossil CO2 emissions from key relevant industrial processes represents an important environmental challenge to be considered. To enable large-scale deployment of low carbon technologies, a significant research and development effort is required to optimize the CO2 capture systems. This work assesses various hybrid solvent-membrane configurations for post-combustion decarbonization of coal-based super-critical power plants. As an illustrative chemical solvent, Methyl-Di-Ethanol-Amine was assessed. Various membrane unit locations were assessed (e.g., top absorber, before absorber using either compressor or vacuum pump). All investigated designs have a 1000 MW net power output with a 90% decarbonization ratio. Benchmark concepts with and without carbon capture using either reactive gas-liquid absorption or membrane separation technology were also evaluated to have a comparative assessment. Relevant evaluation tools (e.g., modeling, simulation, validation, thermal integration, etc.) were employed to assess the plant performance indicators. The integrated evaluation shows that one hybrid solvent-membrane configuration (membrane unit located at the top of absorption column) performs better in terms of increasing the overall net plant efficiency than the membrane-only case (by about 1.8 net percentage points). In addition, the purity of captured CO2 stream is higher for hybrid concepts than for membranes (99.9% vs. 96.3%). On the other hand, the chemical scrubbing concept has superior net energy efficiency than investigated hybrid configurations (by about 1.5–3.7 net percentage points).
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1. Introduction


Reduction of fossil CO2 emissions from relevant large-scale industrial applications represents a significant global environmental challenge for the short to medium term to actively combat global warming and climate change [1]. This important environmental task can be achieved by various technical methods for instance [2]: boosting the renewable sources of energy, increasing the energy efficiency of both production & utilization steps, large-scale implementation of low-carbon solutions, etc. To underline, the crucial important element of tackling global warming, the European Union (EU) launched The Green Deal—an ambitious program aimed to make the European continent climate neutral by half of this century [3]. Furthermore, the “Fit for 55” legislative act proposes at least a 55% emission reduction target for the whole EU block by 2030. In terms of decarbonization options, the Carbon Capture, Utilization, and Storage (CCUS) systems are foreseen to take an important role. Along this line, an important global innovation effort is required for the identification of the most efficient and economic routes for decarbonization [4]. For instance, in the case of Romania (of which electricity is generated about 30% from coal/lignite and about 15% from natural gas), the large-scale implementation of CCUS technology is considered a strategic element for the medium term to comply with new EU regulations in term of energy and climate.



Currently, the reactive absorption using alkanolamines represents the most commercial and technological mature option for CO2 capture (being used for decades in the chemical industry for gas decarbonization) [5]. This decarbonization method could be successfully employed in pre- and post-combustion configurations. The most important drawback of amine-based CO2 capture represents the energy consumption for solvent regeneration (which is typically about 3 GJ/t CO2). Therefore, improved chemical scrubbing systems are required to be developed for CO2 capture [6]. On the other hand, the membrane technology starts to find potential applications in CO2 capture based on its advantages (e.g., low complexity and easy scale-up, reduced energy consumption, environmentally friendliness, etc.) [7]. One of the most important drawbacks of membrane technology used for CO2 capture are: higher ancillary power consumption to overcome pressure drop across the membrane and lower capture CO2 purity. As in the case of chemical absorption, further research is needed to overcome these limitations.



The purpose of this work is to compare various hybrid solvent-membrane configurations for post-combustion CO2 capture to be used in fuel-based super-critical power generation. As an illustrative example, a 1000 MW net output power plant with a 90% decarbonization yield was assessed. Methyl-Di-Ethanol-Amine (MDEA) is selected as solvent [8] and polymeric-based material was chosen for membrane construction [9]. In terms of hybrid process configurations, various cases were considered, based on the membrane location [10], e.g., placing the membrane unit before the gas-liquid absorption unit using either a compressor or a vacuum pump for flue gases, placing the membrane unit at the top of the absorber with recirculation of the permeate flow. These hybrid solvent-membrane configurations were evaluated in comparison to the benchmark cases which use either only chemical scrubbing or only membrane for decarbonization. A non-decarbonized case is investigated to evaluate the decarbonization energy penalty. The most important key novelty elements of this work in comparison to the literature sources are the following: assessing MDEA solvent in hybrid systems in comparison to the literature sources (which mostly use mono-ethanol-amine or piperazine [11,12]), different process layouts (as presented in Section 2 of the paper) in comparison to literature sources [13], utilization of wide process assessment tools (e.g., modeling and simulation, validation, thermal integration, overall process evaluation, etc.) as well as an integrated evaluation methodology including benchmark cases and definition of global plant performance indexes.




2. Hybrid Solvent-Membrane Post-Combustion CO2 Capture Configurations


A conventional reactive absorption-desorption cycle for CO2 capture (considered as a benchmark concept for the hybrid cases) has the conceptual layout as presented in Figure 1 [14]. As can be noticed, the chemical solvent is contacted in the absorption column with flue gases, CO2 is chemically bound with the solvent (MDEA in this analysis) as presented in the next reaction:


CO2 + MDEA + H2O ↔ MDEAH+ + HCO3−



(1)







After absorption, the rich loaded solvent is subject to a desorption stage where heat is used to reverse the process (CO2 separation simultaneously with solvent regeneration). The heat duty for solvent regeneration is serviced by low-pressure steam extracted from the steam cycle, therefore reducing energy efficiency. As discussed further, thermal duty for solvent regeneration is a key element. The desorbed CO2 is furthermore dried in a Tri-Ethylene-Glycol (TEG) unit and compress to about 120 bar before being sent to storage/utilization. The regenerated solvent stream is sent back to the absorber.



Another benchmark system to be compared to hybrid solvent-membrane configurations is a three-stage membrane process for CO2 capture as illustrated in Figure 2. A three-stage membrane process is required to achieve both the targeted 90% carbon capture rate as well as min. 95% purity of captured CO2 stream [15]. As can be observed, the flue gases have to be compressed before any membrane unit to provide enough driving force for CO2 separation. As discussed further, power consumption represents an important element of any membrane unit for CO2 capture.



In respect to the hybrid solvent-membrane configurations analyzed in this paper, the following systems were assessed:




	-

	
Pre-concentration membrane unit using vacuum pump located before chemical scrubbing unit (see Figure 3);




	-

	
Pre-concentration membrane unit using compressor located before chemical scrubbing unit (see Figure 4);




	-

	
The membrane unit is located at the top of the absorption column (see Figure 5).









In respect to the ancillary energy consumption of the CO2 capture plant, the hybrid systems require both thermal duty for solvent regeneration (low-pressure steam is consumed at the bottom of the desorber) as well as power for the compressor/vacuum pump (membrane unit).




3. Decarbonized Coal-Based Super-Critical Power Plants, Main Design Characteristics and Assessment Methodology


As a targeted industrial process to be decarbonized by hybrid solvent-membrane systems, a 1000 MW net output coal power plant was considered. The decarbonization yield is fixed to 90% similar to most of the CCS projects [16]. The design of decarbonized coal-based power plant is shown in Figure 6 [17]. As can be noticed, the flue gases resulted after coal combustion is subject to particulate matter, NOx, and SOx removal prior to CO2 capture either by chemical scrubbing, membrane, or hybrid systems.



Table 1 exhibits the most important technical assumptions of investigated power plants with and without carbon capture.



All investigated concepts were modeled and simulated using ChemCAD [22]. Then the main mass and energy balances are furthermore employed to calculate the global performance indicators. The following key performance indicators were evaluated and compared:




	-

	
Net and gross power plant efficiencies (ηnet/ηgross) were calculated as ratios between the net/gross power outputs (Wnet/Wgross) and coal thermal input (QFuel) as follow:











   η  net / gross     =      W  net / gross      Q  Fuel     · 100 =    W  net / gross      F  fuel      ∗ LHV    fuel     · 100  



(2)







	-

	
Ancillary power consumption was calculated as a sum of all electricity consumptions of various plant sub-systems:








     Ancillary   power   consumption    =      ∑      Electricity   consumption   of   all   plant   sub  − systems    



(3)





	-

	
Carbon capture rate (CCR) was calculated as a percentage of feedstock (coal) carbon to be captured:








   CCR   =      F  Captured     CO  2       F  Fuel   carbon     · 100   



(4)





	-

	
Specific CO2 emission of the power plant (SECO2) was calculated as the ratio of emitted CO2 mass flow (FEmitted CO2) and net power output (Wnet):








     SE     CO  2      =      F  Emitted     CO  2       W  net       



(5)





	-

	
Specific energy consumption for CO2 capture (SPECCA) was calculated based on net efficiencies and specific carbon emissions of both designs with and without carbon capture by the following equation [23]:








   SPECCA   =   3600 ∗  (   1   η   net   CO 2     capture      −  1   η   net   No   capture       )      SE   CO 2    No   capture    −      SE    CO 2    Capture        



(6)





	-

	
Heat duty for solvent regeneration was calculated considering the thermal energy in the reboiler divided by the mass flow of captured CO2 stream:








    Heat   duty     (   solvent   regeneration   )    =    Q  Reboiler      F   Captured   CO  2       



(7)





	-

	
Ancillary power consumption for membrane separation was calculated considering the power consumption for compressor/vacuum pump of membrane unit divided by the mass flow of captured CO2 stream:








    Power   consumption     (   membrane   unit   )    =    W   Membrane   unit       F   Captured   CO  2       



(8)






4. Results and Discussion


The following coal-based power plant concepts were evaluated:




	
Case 1.a—Super-critical power plant without carbon capture (benchmark);



	
Case 1.b—Decarbonized power plant with chemical scrubbing (benchmark);



	
Case 1.c—Decarbonized power plant with 3-stage membrane unit (benchmark);



	
Case 2.a—Decarbonized power plant with a hybrid unit (vacuum pump);



	
Case 2.b—Decarbonized power plant with a hybrid unit (compressor);



	
Case 2.c—Decarbonized power plant with a hybrid unit (top absorber).








ChemCAD software was used for modeling and simulation of all investigated power plant concepts. The used thermodynamic models were in line with process conditions (involved chemicals, conditions etc.). For most of the units (fuel processing, flue gas treatment, steam production, membrane etc.) Soave-Redlich-Kwong (SRK) was selected. The reactive gas-liquid absorption used a kinetic model and for CO2 drying TEG Dehydration model was employed. Once the simulation was performed, the obtained results were compared against the experimental data in view of validation [24,25,26]. As an illustrative case, Figure 7 presents the comparison of experimental vs. simulation results for chemical scrubbing unit at various solvent loadings (loading range 1: <0.3 mole CO2/mole amine; loading range 2: 0.3–0.4 mole CO2/mole amine; loading range 3: >0.4 mole CO2/mole amine).



Furthermore, all investigated plant designs are the subject of in-depth thermal integration analysis in view of energy efficiency optimization [27]. To illustrate the thermal integration analysis, Figure 8 presents the composite curves (hot composite curve—HCC and cold composite curve—CCC) for the MDEA-based chemical scrubbing unit (Case 1.b). One can observe that the quantity of available heat is significantly large (coming mainly from the exothermic reaction heat between CO2 and amine) but the correspondent temperature is close to the ambient one, which means that this heat can only be removed with cooling water without contributing to the global energy efficiency. This aspect represents the most important drawback of chemical scrubbing technology used for CO2 capture in comparison to other decarbonization technologies which operate at higher temperatures (e.g., chemical/calcium looping).



Table 2 presents the global plant performance indexes of the benchmark cases (super-critical power plants with and without CO2 capture based on chemical scrubbing and 3-stage membrane unit).



As can be observed, the introduction of the decarbonization feature (either by reactive gas-liquid absorption or by the membrane) induces a reduction of overall net energy efficiency in comparison to the non-decarbonized cases. This difference between the net power efficiencies represents the CO2 capture energy penalty and it is approximatively 9.3 percentage points for the chemical scrubbing concept (Case 1.b) and 12.2 percentage points for membrane concept (Case 1.c). The specific ancillary energy consumption for the carbon capture unit is about 3 GJ/t for the chemical scrubbing concept (reported as heat consumption) and 273.6 GJ/t for the membrane concept (reported as power consumption). These ancillary energy consumptions for benchmark decarbonized concepts are in line with literature sources [28,29,30]. The SPECCA indicator shows also a lower value for chemical scrubbing in comparison to the membrane concept. As shown, the reactive chemical absorption exhibits improved key performance indicators that the 3-stage membrane concept.



Table 3 presents the global plant performance indexes of the hybrid solvent-membrane cases. As can be observed, for the hybrid configurations the heat duty for solvent regeneration decreases from about 3 GJ/t in the case of only chemical scrubbing concept to about 2.4–2.6 GJ/t. This result is due to the higher CO2 concentration in the flue gas to be decarbonized due to the membrane pre-concentration feature. The ancillary power consumption for membrane units in hybrid configurations is also decreasing compared to the case of the 3-stage membrane concept (64–168 vs. 274 kWh/t). Among various investigated hybrid solvent-membrane configurations, the concept with membrane unit located at the top of the absorber performs better than the other two with pre-concentration membrane and vacuum pump/compressor. For example, the net efficiency of Case 2.c is higher than Cases 2.a and 2.b by about 2.6 points. SPECCA indicator shows also a significantly reduced value for Case 2.c compared to the two-hybrid concepts (3.8 vs. 5.2 MJ/kg). The explanation of these results lays in the fact that Cases 2.a and 2.b requires a significant amount of electricity for flue gas manipulation.



Comparing the hybrid solvent-membrane concepts with benchmark concepts that use either only chemical scrubbing or only three-stage membrane, one can notice that Case 2.c (membrane located at the top of absorption column) performs better than Case 1.c (three-stage membrane unit) for instance in term of increasing global net efficiency (by about 1.8 points). When compared to the chemical scrubbing benchmark concept (Case 1.b), Case 2.c shows reduced net efficiency by about 1.5 points. The membrane pre-concentration concepts (Cases 2.a and 2.b) show lower net energy efficiency than the chemical scrubbing benchmark concept (by about 3.7 points) and the three-stage membrane benchmark concept (by about 0.9 points).



The main explanation for this situation represents the ancillary electricity consumption of the membrane unit. For the chemical scrubbing technology used as the decarbonization method, the ancillary energy consumption is represented by solvent regeneration thermal duty. This thermal duty is covered by steam cycle low-pressure steam thus lowering the electricity production of the LP section of the steam turbine. In the case of membrane technology, the ancillary energy consumption is represented by the electricity consumption of compressors/vacuum pumps and has a higher impact on the global net power efficiency than for chemical gas-liquid absorption technology.



A key element in any carbon capture project represents the purity of captured CO2 stream. As a reference, a proposed captured CO2 quality specification was presented in Table 2 based on relevant references in the field [31]. For the membrane technology, the purity of captured CO2 is even more stringent than for chemical scrubbing considering the fact that lower purity is expected for the permeate stream due to selectivity issues between carbon dioxide and other gaseous species. Table 4 presents the compositions (as volumetric percentages) of captured CO2 streams in all investigated carbon capture concepts (either benchmark or hybrid cases).



One can notice that the chemical scrubbing system (either alone or in hybrid configuration) gives a significantly higher CO2 concentration than the three-stage membrane system. This aspect can be explained by the higher selectivity of chemical solvent than membrane for carbon dioxide. For hybrid configurations, the captured CO2 streams have similar purities to the chemical scrubbing benchmark concept considering that the membrane is just a pre-concentrator before the reactive gas-liquid absorption cycle.




5. Conclusions


This work assesses the potential of hybrid solvent-membrane systems to deliver better performance indicators than chemical scrubbing only or membrane technologies for decarbonization of coal-based super-critical power plants. The evaluated plants have a 1000 MW net power output with a 90% carbon capture rate. For comparison purposes, similar power plants with or without carbon capture were used as a benchmark. The benchmark decarbonization technologies were based on reactive gas-liquid absorption and three-stage membrane processes.



Among investigated hybrid concepts, the one with membrane unit located at the top of the absorber (Case 2.c) performs better than the other two with the membrane unit as a pre-concentrator (e.g., improved net energy efficiency by about 2.6 points). As the results show, the hybrid solvent-membrane configurations have lower performance indicators than the chemical absorption (e.g., lower net efficiencies by about 1.1–3.8 percentage points). When compared to membrane technology, the hybrid concept with membrane unit located at the top of the absorption column has better performance e.g., 1.8 net energy efficiency percentage points higher. The hybrid systems show higher purity of captured CO2 stream in comparison to the membrane-only concept (99.9% vs. 96.3%). As relevant future development directions, the improvement of membrane performance is an important element to consider.
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Figure 1. CO2 capture plant by chemical absorption-desorption cycle (benchmark). 
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Figure 2. CO2 capture plant by three-stage membrane unit (benchmark). 
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Figure 3. Layout of hybrid system with pre-concentration membrane unit using vacuum pump. 
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Figure 4. Layout of hybrid system with pre-concentration membrane unit using compressor. 
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Figure 5. Layout of hybrid system with membrane unit at the top of absorption column. 
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Figure 6. Layout of decarbonized coal-based super-critical power plant. 
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Figure 7. Comparison of experimental vs. simulation results (a) Validation of absorption process (b) Validation of desorption process. 
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Figure 8. Thermal integration analysis for MDEA-based CO2 capture unit. 
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Table 1. Main technical assumptions of evaluated power plants.
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	Plant Sub-System
	Value





	Coal composition (% wt. dry) and lower heating value (LHV)
	72.31% C, 4.10% H, 1.70% N, 7.46% O,

0.57% S, 13.90% ash;

Moisture: 8.00%;

Calorific value: 25.17 MJ/kg



	Steam cycle [18]
	



	 Live/reheated temperature
	585 °C/580 °C/580 °C



	 Live/reheated pressure
	290 bar/80 bar/25 bar



	 BFW temperature
	220 °C



	 BFW pressure
	312 bar



	 Turbine efficiency
	90% (HP)/92% (MP)/95% (LP)



	 Condensing pressure
	46 mbar



	 Cooling water inlet temperature
	15 °C



	 Minimum approach temperature ΔTmin.
	10 °C



	 Pump efficiency
	85%



	CO2 capture unit by chemical scrubbing [19]
	



	 Solvent used
	MDEA solution (50% wt.)



	 Decarbonization rate
	90%



	 Absorber
	20 trays



	 Desorber
	15 trays



	 Desorber bottom maximum temperature
	125 °C



	 Solvent regeneration thermal duty
	3 GJ/t CO2



	 Solvent losses
	1 kg/t CO2



	 Steam pressure for solvent regeneration
	4 bar



	 Steam temperature for solvent regeneration
	144 °C



	CO2 capture unit by membrane [20]
	



	 Membrane type
	Spiral wound-Cross flow



	 Carbon capture rate
	90%



	 Permeance data
	CO2: 370 GPU



	
	O2: 7.41 GPU



	
	N2: 1.85 GPU



	 Operating temperature
	45–55 °C



	 Pressure ratio
	5–10



	 Compressor/vacuum pump efficiency
	85%



	CO2 conditioning unit [21]
	



	 Drying unit
	Tri-Ethylene-Glycol (TEG) system



	 Compression unit
	Four-stage compression



	 Efficiency of compressor
	85%



	 Final compressing pressure
	120 bar



	 CO2 quality specification (vol. %)
	min. 95% CO2, max. 1500 ppm CO, max. 300 ppm H2O, max. 50 ppm H2S, max. 4% other non-condensable gases (N2, Ar, etc.)



	Power plant auxiliaries
	



	 Power consumption for fuel handling
	0.5% of thermal input



	 Efficiency of denitrification unit
	98% NOx removal efficiency



	 Efficiency of desulfurization unit
	98–99% SOx removal efficiency



	 Efficiency of pumps, fans
	85%



	 Heat exchanger pressure drops
	2–4% of inlet pressure
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Table 2. Global plant performance indexes of benchmark cases.






Table 2. Global plant performance indexes of benchmark cases.





	
Main Plant Data

	
Units

	
Case 1.a

	
Case 1.b

	
Case 1.c






	
Coal input

	
t/h

	
330.07

	
420.14

	
459.00




	
Coal calorific value

	
MJ/kg

	
25.17




	
Coal thermal energy (A)

	
MW

	
2307.78

	
2937.51

	
3209.17




	
Steam turbine output

	
MW

	
1057.82

	
1138.73

	
1473.69




	
Gross electric power output (B)

	
MW

	
1057.82

	
1139.82

	
1473.69




	
Coal processing

	
MW

	
11.53

	
14.68

	
16.07




	
Carbon capture & compression

	
MW

	
-

	
64.97

	
393.10




	
Power island consumption

	
MW

	
46.32

	
60.17

	
64.52




	
Ancillary electricity consumption (C)

	
MW

	
57.82

	
139.82

	
473.69




	
Net power output (D = B − C)

	
MW

	
1000.00

	
1000.00

	
1000.00




	
Gross efficiency (B/A × 100)

	
%

	
45.83

	
38.76

	
45.92




	
Net efficiency (D/A × 100)

	
%

	
43.33

	
34.04

	
31.16




	
Plant decarbonization yield

	
%

	
0.00

	
90.00

	
90.00




	
CO2 specific emission

	
kg/MWh

	
800.27

	
101.80

	
110.95




	
SPECCA

	
MJ/kg

	
-

	
3.24

	
4.71




	
Heat duty solvent regeneration

	
GJ/t

	
-

	
2.99

	
-




	
Power consumption membrane

	
kWh/t

	
-

	
-

	
273.59
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Table 3. Global plant performance indexes of hybrid cases.






Table 3. Global plant performance indexes of hybrid cases.





	
Main Plant Data

	
Units

	
Case 2.a

	
Case 2.b

	
Case 2.c






	
Coal input

	
t/h

	
471.79

	
472.83

	
433.97




	
Coal calorific value

	
MJ/kg

	
25.17




	
Coal thermal energy (A)

	
MW

	
3298.59

	
3305.87

	
3034.16




	
Steam turbine output

	
MW

	
1322.65

	
1317.59

	
1201.14




	
Gross electric power output (B)

	
MW

	
1322.65

	
1317.59

	
1201.14




	
Coal processing

	
MW

	
16.49

	
16.62

	
15.17




	
Carbon capture & compression

	
MW

	
239.56

	
234.33

	
123.27




	
Power island consumption

	
MW

	
66.60

	
66.64

	
62.70




	
Ancillary electricity consumption (C)

	
MW

	
322.65

	
317.59

	
201.14




	
Net power output (D = B − C)

	
MW

	
1000.00

	
1000.00

	
1000.00




	
Gross efficiency (B/A × 100)

	
%

	
40.09

	
39.85

	
39.58




	
Net efficiency (D/A × 100)

	
%

	
30.31

	
30.25

	
32.95




	
Plant decarbonization yield

	
%

	
90.00

	
90.00

	
90.00




	
CO2 specific emission

	
kg/MWh

	
114.55

	
114.58

	
105.38




	
SPECCA

	
MJ/kg

	
5.20

	
5.24

	
3.76




	
Heat duty solvent regeneration

	
GJ/t

	
2.41

	
2.52

	
2.64




	
Power consumption membrane

	
kWh/t

	
168.93

	
163.28

	
64.27
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Table 4. Composition of captured CO2 streams.






Table 4. Composition of captured CO2 streams.





	Component
	Case 1.b
	Case 1.c
	Case 2.a
	Case 2.b
	Case 2.c





	Carbon dioxide
	99.95
	96.34
	99.96
	99.96
	99.96



	Nitrogen
	0.02
	0.89
	0.01
	0.01
	0.02



	Oxygen
	30 ppm
	2.75
	38 ppm
	35 ppm
	34 ppm



	Water
	172 ppm
	200 ppm
	190 ppm
	192 ppm
	168 ppm



	Other species
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
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