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Abstract: Alternative solvents based on aqueous solutions of amino acids have been recently de-
veloped as possible substitutes for Mono Ethanol Amine (MEA) for CO, removal from flue gas
streams. The potassium taurate solvent has the advantages of degradation resistance, low toxicity
and low energy requirements for its regeneration. With any type of solvent, CO, removal applied
to a power production plant decreases the revenues obtained from selling electricity because of the
energy requirements. Operating the CO, removal section in flexible mode avoids significant effects
on the profits of the power plant, while accomplishing environmental regulations. This work is the
first journal paper focusing on the application in flexible mode of the potassium taurate system for
treating a flue gas stream from a 500 MW coal-fired power plant. Techno-economic evaluations are
performed to determine the best operating conditions considering the variation in the electricity
demand and its price, and different values of carbon tax. In the summer period, with high electricity
prices and demands, carbon tax values between 45 EUR/tcop and 60 EUR/tcop favor CO, absorption

chedcktfor in the flexible mode, without periods of full CO, emissions during the day.
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2024,17,1736. https://doi.org/ With the aim of reducing the amounts of greenhouse gases (GHGs), mainly CO5,
10.3390/en17071736 emitted into the atmosphere due to power and industrial production [1] in order to limit
the global temperature increase to 1.5 °C, different technologies can be employed as ab-
sorption, mainly with chemical solvents, adsorption, membranes or low-temperature
separations [2-5]. The aqueous solution of Mono Ethanol Amine (MEA), generally 30 wt. %,
is the benchmark solvent considered in chemical absorption for removing CO; from flue
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Yulong Zhao gases of power plants, and its thermal requirement can significantly reduce the production
Received: 14 February 2024 of the power plant. The energy consumption is a key parameter for determining the advan-
Revised: 21 March 2024 tages of a process, also taking into account the global energy demand. The latest Monthly
Accepted: 26 March 2024 Statistics report by the International Energy Agency (IEA) states that in the countries of

Published: 4 April 2024 the Organization for Economic Cooperation and Development (OECD), the production of

natural gas increased by 3.9% compared to December 2022, and the imports of natural gas
have been 6.4% lower on a year-on-year basis, while total OECD exports have decreased
by 2.5% in the same period. The total OECD production of crude oil, NGL and refinery
feedstocks increased by 8.7% in December 2023 compared to December 2022.

In addition to the high energy requirement, MEA is characterized by toxicity and
degradation, so it cannot be considered a sustainable solvent given its effects on health
conditions of the Creative Commons and the environment, relevant topics for the construction of new industrial plants in
Attribution (CC BY) license (https://  g€neral. For this reason, innovative solvents are being taken into account [6], and research
creativecommons.org/ licenses /by / on new species and their influence on the CO;, removal process [7-11] is being carried
40/). out. Among the innovative solvents proposed in the last few years, amino acids can be
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considered environmentally friendly [12], in addition to being advantageous also for their
energy requirements. Their salts in aqueous solution have been studied, as in Lerche [13],
Majchrowicz [14], Majchrowicz, et al. [15], Sanchez-Fernandez and Goetheer [16], Sanchez
Fernandez, et al. [17] and Sanchez Fernandez, et al. [18], who found that amino acids are
less corrosive, more stable, and have lower enthalpy in their reactions than the traditional
MEA solvent [19]. The potassium taurate (KTau) process, developed by Sanchez-Fernandez
et al. [18], can be used for CO, removal, with lower energy requirements than MEA. In any
case, after an overall study of more than 1000 patents focusing on different technologies
by Li et al. [20], it was concluded that no processes have been developed for this purpose
that could favor a low added Cost of Electricity (CoE), so the CO, removal section of a
power plant is always a consuming section of the power plant, representing a cost for the
company and, therefore, reducing the profits related to selling the produced electricity.

The flexible operation of the CO, removal section makes the plant’s profitability
improve [21,22], because, during peak demands or when the price of electricity is high,
the consumption of the CO, removal plant is reduced and the production of electricity
is increased. Several studies in the literature, with tests on pilot plants [23], focused on
the flexible operation of Carbon Capture and Storage (CCS) power stations, considering
MEA as the chemical absorption solvent, and studying the bypass and solvent storage
techniques [24-28], the operation at variable capture level [29,30] and the variable solvent
regeneration mode [31,32]. Bui et al. [33,34] demonstrated that flexible operation is techni-
cally feasible in a large-scale CO, capture process via simulations and experimental tests
using MEA solvent.

This work was carried out at the Process Design laboratory (PD lab) of GASP of Politec-
nico di Milano, which is provided with the Process Design and Process Thermodynamics
laboratory (PD&PT lab). This paper is the first in the literature aiming at studying the
possible operation in flexible mode of the CO, removal section of a 500 MW coal-fired
power plant with an aqueous solution of potassium taurate (4 M potassium 4 M taurine)
to determine the best operating conditions for each hour of key days. It follows previous
works in the literature focusing on the same topic applied only to the use of the MEA
solvent for CO, removal in power plants. Techno-economic evaluations have been carried
out, taking into account the price of and demand for electricity in Italy, and the influence of
the carbon tax, determining its value of breakeven point.

2. Materials and Methods
2.1. The Electricity Market in Italy

This work was carried out by taking as a basis the price of and the demand for
electricity in Italy, for which official detailed values are available.

Terna [35] reports that the electricity market demand in Italy in 2015 was 316.9 TWh
and the consumption was equal to 297.2 TWh. In total, 85% of the electricity demand was
supplied by Italy and 15% was taken from other countries. The gross national production
was about 283.0 TWh. 51% (192 TWh) of the national production was supplied by ther-
moelectric power plants, 15% (47 TWh) by hydroelectric and 20% (44 TWh) by renewable
sources (wind, solar, geothermal and bioenergy). The gross efficient power was 120 GW.

In 2015, the gross thermoelectric production was 198.24 TWh, with geothermal sources
accounting for 6.185 TWh. The conventional power production was 192.053 GWh. Natural
gas covered provided 110.86 TWh and solid fuel 43.2 TWh, the remaining 37.993 TWh
was produced by other fuels (gas derivates, petrochemicals, etc.). Solid fuel accounted for
43.25 TWh of the yearly production of electricity in 2015 [35].

The typical trends of electricity consumption have been detailed in a previous work
focusing on chemical absorption using an MEA solvent [36], and the analysis of the electric-
ity price for the year taken as a reference in this work (2015) has been reported by Moioli
et al. [28].

Throughout the whole year, the requested power output of fossil-fueled power plants
depends on variations in the demand, with peaks occurring hourly and daily. The energy
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profiles vary every month, with the highest difference between months in Italy being seen
during summer, when the price of electricity is higher than 110 EUR/MWh. Lowering
the electricity sold to the market because of the steam consumption due to the operation
of a CO, removal plant during the peak hours in summer would be less advantageous
compared to paying a carbon tax.

2.2. Details of the Considered Plant

The gaseous stream to be treated is a flue gas stream from a 500 MW coal-fired power
plant, with a flowrate of 19.60 kmol/s and a composition (mole fraction %) of 7% water,
13% CO,, 75% N3 and 5% O, [37].

The scheme (Figure 1) is similar to the one for traditional amine solvents, with an
absorption section wherein the solvent is concurrently contacted with the flue gas and
with a regeneration section, where CO, is removed from the solvent and is recycled, after
cooling, to the absorption columns. Moreover, differently from only liquid amine aqueous
solutions, a dissolution heat exchanger is added before the rich solution is fed to the lean—
rich heat exchanger for heat recovery. The aim of the additional unit is to dissolve all the
precipitated taurine by heating, using condensed water as the service fluid, before entering
the regeneration section.
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Figure 1. Scheme for the process considered in this work (“ABS” refers to the absorption column, “REG”
refers to the regeneration column, “COND” refers to the condenser and “REB” refers to the reboiler).

In this work three parallel absorption columns for treating the large flowrate of flue
gas are considered [38]. The number of columns has been selected on the basis of the
maximum diameter considered at the industrial level [39—-41], reported with values up
to 15 m, and considering that this choice has already been reported to work in previous
literature [42,43] related to the treatment of high flue gas flowrates with chemical absorption
for CO, removal. The sizes of the absorber and of the regeneration column were selected
with the aim of minimizing the total costs [38].
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The lean loading has been chosen as done in previous works carried out on this
topic [18,37]. The rich loading is a result obtained from simulation, with a value agreeing
with common values usually employed for chemical solvents based on amine.

This work does not consider the option of adding a solid-liquid separator, which
would allow the bottom products from the absorber to be split into a slurry and a liquid
stream (recycled to the absorber) for further lowering the energy requirement.

Table 1 reports the main characteristics of the considered process.

Table 1. Main process parameters for the considered scheme.

Characteristic Absorber Regeneration Column
Number of columns 3 1
Diameter (m) 12 12.7
Packed height (m) 30 17.6
Packing type Mellapak 250X Mellapak 250X
Lean loading 0.27
Rich loading 0.44

The CO; obtained from the top of the regeneration column is compressed to 150 bar [44].

2.3. Theory

This paper is the first focusing on the topic of the flexible operation of a CO, removal
plant applied to a power plant that considers the use of a potassium taurate solvent (no
previous analyses of this type applied to Natural Gas Combined Cycle (NGCC) or coal-fired
power plants have been found). In this work, both operation for fixed CO, removal and
operation in flexible mode have been considered. The Capture Level Reduction (CLR) mode
is a mode of flexible operation considered to be the best performing mode for coal-fired
power plants in previous literature focusing on the MEA solvent. In this work, it has
been analyzed for a plant located in Italy. The fixed CO, removal operating mode and the
no-capture operation have also been considered, with a comparison among all the modes.
The degree of removal of CO, can be higher or lower in the flexible operation mode than in
the fixed configuration, and varies during the day [45] in order to minimize the losses of
energy and of revenues. The value of the carbon tax to be paid can influence the process’
operation in flexible mode.

This paper analyzes the CLR mode, which involves operating a bypass by splitting part
of the rich solvent to be recirculated to the absorption column without being regenerated,
and then regenerating the other smaller part of the solvent. The amount of CO, that is
absorbed is reduced, so a reduction in the thermal power needed at the reboiler is achieved.
The CLR mode of operation does not necessitate modifications to the equipment, thus
avoiding additional investment costs (for instance, additional tanks and a higher solvent
inventory are needed in the case of solvent storage). In particular, in this work, we have
considered and compared to the case of no capture the following cases:

- Fixed operation at 90% CO, removal;
- Fixed operation at a given % ratio;
- Flexible operation.

In the fixed operation mode, a fixed ratio of 90%, 80%, 70% or 60% of CO, removal
from the base case has been considered (100% ratio refers to 90% CO, removal).

In the CLR mode, CO; is vented to the atmosphere over specified time intervals. In
this case, the energy required for the regeneration of the solvent and the CO, compression
decreases as the rich solvent flowrate to be regenerated is lower, with a higher production
of electric power. In this period of time, the overall emission of CO; is higher than the one
at 90% fixed CO, removal, and a higher carbon tax must be paid. A minimum value equal
to 30% has been set for the % operation ratio, as reported in Cohen et al. [46], to avoid
issues in the operation of columns, such as drying out in the regeneration unit.
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2.3.1. Profit Minimization

An in-house tool developed by GASP of Politecnico di Milano for economic optimiza-
tion, on the basis of the assumptions and the methodology detailed in Moioli et al. [36], has
been employed. The inputs to the tool are the results of the simulations in ASPEN Plus®
V11 that had been previously integrated with new ionic species and has been modified for
the thermodynamic model by introducing reactions and values of parameters to represent
the vapor-liquid—solid equilibrium of the potassium taurate system. The details of the
thermodynamic model, with the comparison to the experimental data, are reported in
Moioli et al. [47].

It is assumed that no external sources are employed. Therefore, for each time of the
day, the available energy has been calculated on the basis of the electricity needed by the
final users.

If needed, a lower amount of electricity is sold to the market to run the CO, capture
section. In this case, the remaining power needed for the demand of the market should be
bought by the final user from another source.

For flexible operation, the objective function is the profit, which must be maximized by
operating the capture plant with a varying % ratio. The value of the % ratio that minimizes
the profit associated to a power station with a CO, capture system is selected on an on
hourly basis. The profit is calculated as

P = Woutcenergy - FCOZCCOZTax - Ffuelcl-"uel - Cb,O&M (1)

where the following pertains:

- Wou, the net production of electrical power exiting from the power station
(MW = MWh/h);

- Cenergy, the price of electrical energy (EUR/MWh);

- Cco2Tux, the carbon tax (EUR/tcop);

- Fcop, the amount of CO, vented in one hour (tCO, /h);

- Fpye, the fuel consumption (kg/h);

- Cel, the fuel cost (EUR/kg);

- Cyosm, the cost of base plant operation and maintenance (EUR/h), excluding the cost
of Wout~

Wout takes into account the reduction in power sold to the users because of the extrac-
tion of steam from the turbine to operate the reboiler and because of the electricity needed
to operate the CO, removal section.

The method employed in this work is suitable for this application, also for other CO,
removal processes with different solvents.

2.3.2. Assumptions
The assumptions at the basis of this work are:

1. The electricity price is based on Italian historical electricity prices referring to 2015,
set out by Gestore dei Mercati Energetici [48] (the methodology could be extended to
other electricity markets, and also applied when considering the electricity prices of
the following years, when available);

2. The electricity demand was set with reference to the historical data by Terna [35],

scaling for the considered power plant production;

Carbon tax varies in the range of 5 EUR/tcop to 200 EUR/tcop, in steps of 5 EUR /tCO»;

Cold start-up and shut-down costs are neglected;

5. Losses in efficiency due to variations in % ratio are considered with a ramp of 5% /min,
as also done by Cohen et al. [49];

6.  In cases when additional power is produced in each hour (because of the production
set defined on a provision based on the expected trend of electricity consumption)
that is not required by the market, it is assumed to be lost;

-
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7. January (generally the coldest month in Italy) and July (when the highest variations
in electricity demand and prices occur [50]) have been selected;

8.  The time step for the analysis is 1 h, corresponding to the time step at which data on
the prices of electricity have been found.

The study considers different modes of operation:

- Base case, i.e., 90% CO; removal at fixed operation;

- Fixed capture at 90%, 80%, 70% and 60% of the base case;
- CLR flexible operation;

- No capture.

The characteristics of energy consumption have been considered by taking the whole
country as uniform. If detailed data related to each region of Italy become available, an
analysis of different regions of Italy may be of interest in order to better understand the
influence on the results.

3. Results

In Figures 2—4, the % ratio of operation in CLR mode during the whole day is reported
as obtained by the optimization. Figure 5 reports the electric power sold to the market in
CLR mode while also considering different carbon taxes, and Figure 6 details the carbon
tax paid for emitting CO; in the CLR mode, as a function of the carbon tax.
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Figure 6. Carbon tax paid for emitting CO, in CLR mode as a function of the carbon tax for (a) 4
January 2015 and (b) 23 July 2015.

4. Discussion
4.1. CLR Mode

The optimal values depend on the electricity’s price and demand during the daily
period. The % ratio is lower at times of high electricity price and demand, if paying the
carbon tax is advantageous. In July, the peaks in the power demand and the high price
of electrical energy favor high revenues, meaning that the operation in flexible mode is
advantageous (Figures 2b and 3b). In January (Figures 2a and 3a), the level of electricity
sold is lower than that produced, and the revenues are lower. Therefore, the expenses
related to the payment of the carbon tax due to CO, emissions can be avoided, and 90% CO,
removal is applied (a % ratio equal to 100%). For a carbon tax of 5 EUR/tcop, emitting into
the atmosphere was shown to be advantageous from 9:00 to 21:00 on 4 January 2015 and
from 9:00 to the end of the day on 23 July 2015. In summer, CO, removal is advantageous
for hours with low electricity demand and prices, occurring only in the early mornings and
during nights.

The carbon tax influences the optimum % ratio (Figure 4). The threshold value of
carbon tax for 4 January 2015 has been shown to be 25 EUR/tcop, and the one for 23 July
2015 is 65 EUR/tcoy. For higher values, the operation at 90% CO, removal is carried out,
because the amount of CO, emitted would be too expensive in terms of carbon tax to be
paid. In winter, the no capture mode is not advantageous, while in summer, with low
values of carbon tax, emitting all the CO, present in the flue gas stream would seem to
be more advantageous than removing it in terms of avoiding the emission of CO; into
the atmosphere.

For January, the obtained profit decreases with increases in the carbon tax and with
reductions in the % ratio in fixed mode. A different trend is obtained for July, due to the
high amounts, and high prices, of the electricity sold to the market.

For a carbon tax equal to 5 EUR/tcop, the electric power remaining after the con-
sumption of steam for CO, removal corresponds to the amount of power requested by the
market, because CO, removal is not in operation (Figure 5). When there are higher carbon
taxes, the power sold to the market is decreased, and greater lowering occurs in summer,
when much electricity is needed by the user. The power consumed by the CO, removal and
compression section is provided by significantly reducing the power sold to the market,
which case is different from that in winter.

Figure 6 shows that the trend obtained for the CLR mode is different to a monotonic
profile, in particular for 23 July 2015, because the carbon tax paid depends on the % ratio at
each hour, which is selected on the basis of techno-economic analyses taking into account
the variation in the market. In the fixed operation mode, the amount of carbon tax to be
paid is constantly increasing with the unitary value of the carbon tax.
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This work is the first to focus on the potassium taurate process, and therefore no
comparison with other works employing the same solvent can be performed. The obtained
trends are in agreement with the trends obtained in previous papers published in the
literature referring to the flexible operation mode, although taking into account a different
solvent for CO, removal, and confirm the validity of the methodology.

4.2. Case of No CO, Removal

The no capture case has also been considered. The amount paid in this case is up to
one order of magnitude higher (if compared to the CLR mode of operation) than any case
of operation for removal (also partial) of carbon dioxide (Figure 6). Treating flue gas is
profitable when the cost of the emitted CO; is higher than the price of electricity. This work
confirms the relevance of policy decisions related to the application of carbon tax, which
leads to CO, removal being more advantageous than CO, emission in economic terms.

The results obtained for the potassium taurate system, though differing in terms
of the % ratio and values of carbon tax at which operating the CO, removal plant at
a 100% ratio is advantageous, are in line with the results obtained in the literature for the
MEA solvent used for chemical absorption to treat flue gases produced by coal-fired power
plants [24,25,51-54].

4.3. Cases of Fixed Operation

When operating in a fixed operation mode at certain % ratios, if more CO, is removed,
a lower amount of electric power is available to the final user. In summer, the profit obtained
by paying the carbon tax for emitting carbon dioxide could prove to be more advantageous
than attempting the absorption of high amounts of CO,. When the demand for electricity is
lower, as in winter, the more CO; is absorbed, the better it is for the economics of the plant,
because a lower carbon tax is paid. Therefore, the full 90% CO, removal must be selected
(instead of a lower % ratio of fixed CO, removals). It can be concluded that if the operation
in fixed mode is preferred, the % ratio could be selected on the basis of the period of the
year, and on the required energy. In any case, the CLR operation would ensure lower losses
of revenues for the company, because the variation in the % ratio will be optimized for
this aim.

5. Conclusions

This paper presents the first techno-economic evaluation in the literature on the
application of the potassium taurate process in flexible mode for the treatment of a flue
gas stream produced by a 500 MW coal-fired power plant. A process using this type of
solvent has been chosen because it is characterized by lower energy requirements than other
processes based on the MEA solvent, in addition to employing a solution with reduced
toxicity and corrosive effects.

In this paper, the effects of the variation in the electricity demand and price in Italy, and
in the value of carbon tax, in the range of 5 EUR/tcop to 200 EUR/tcop, have been analyzed
in detail for two relevant days in different seasons of the year (winter and summer) for
which information was available.

On the basis of the results, it can be concluded, as expected, that the higher the value
of the carbon tax, the higher the average % ratio of the CO, capture system.

In summer, because of the high energy demand and the high price of electricity,
venting CO, into the atmosphere and paying a carbon tax as high as 40 EUR/tcop will
be more profitable at given hours because of the high value of electricity, losses in which
caused by carbon capture operation heavily affect the economics of the system. With a
carbon tax ranging from 45 EUR/tcop to 60 EUR/tcop, flexible absorption without any
hours of full CO; emission is the best option. The obtained results for 4th July 2015 are
different, and here, no operation at 0% ratio is needed, thus precluding the emission of the
CO; present in the flue gas stream at given hours of the day.



Energies 2024, 17, 1736 10 of 12

Higher carbon tax values lead to the carbon dioxide removal system being operated at
higher % ratios, both in winter and in summer.

The demand for and the price of electricity in different periods of the year cause the
maximum % ratio (except 0%) to be different in summer and in winter, with the minimum
values being 30% in July and 50% in January.

The proposed methodology could be applied to any following year for which detailed
data on electricity price and demand are available. A future development of this work
could focus on the analysis of the characteristics of energy consumption in different regions
of Italy (when detailed data are available) to evaluate the effects on the obtained results.
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