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Abstract

Recognizing the growing importance of natural gas as a transition fuel in Poland’s energy
mix and the necessity of reducing CO, emissions, this article aims to assess the use of
carbon capture and storage (CCS) technology to effectively reduce CO, emissions from
combined cycle gas turbine (CCGT). The research employs the pressure-temperature swing
adsorption (PTSA) to capture CO, from flue gases. Computer simulations, using IPSEpro
(SimTech), are used to calculate the heat and mass balances for CCGT and PTSA units and
assess their performance. In the first part of the research, the effect of sorbent type (Na-A
and 5A) and flue gas share directed to the PTSA unit on the performance of the CCGT was
investigated. Secondly, the parametric analysis regarding the adsorption and desorption
pressures in the PTSA was carried out. The results showed that CO, emissions from CCGT
can be reduced by 1.1 Mt (megatons) per year, but the use of PTSA was associated with a
reduction in net electrical power and efficiency of the CCGT by up to 14.7% for Na-A and
11.1% for 5A sorbent. It was also found that the heat and electricity demand of the PTSA
depends on the adsorption and desorption pressures.

Keywords: 5A zeolite; Na-A zeolite; carbon dioxide capture; CCS; PTSA; VISA; process
modelling

1. Introduction

In 2021, due to the combustion of fossil fuels, the countries of the European Union
(EU) emitted approximately 2775 Mt of carbon dioxide (CO,), of which almost 321 Mt was
from Poland [1]. It is worth noting that the energy sector is mainly responsible for CO,
emissions in Poland—almost half of the CO, emitted by Poland came from the energy
sector [2]. In light of the need to protect the environment and prevent climate change,
increasingly restrictive regulations and various agreements are being created, including the
European Green Deal [3] and the Paris Agreement [4], which require activities to reduce
CO; emissions.

As the energy sector is the main emitter of CO;, both in Poland and the rest of the
European Union countries, the energy sector has the greatest potential to reduce emissions
of CO,. Decarbonization of the power industry can be implemented in many different
ways, for example, by moving away from fossil fuels to renewable energy sources [5].
However, the complete elimination of fossil fuels in the energy mix of EU countries is not
possible, and fossil fuels are projected to remain present in the energy mix in 2050, even in
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the most optimistic Net Zero scenario [6]. Therefore, another technology to reduce CO,
emissions is carbon capture and storage (CCS) [7]. The CCS chain involves CO; capture,
transport, and storage in geological sinks, such as exhausted oil and gas fields, deep coal
beds, aquifers, and salt caverns [8].

There are three main types of CO, capture technologies: pre-combustion, oxyfuel
combustion, and post-combustion [9]. The main advantages of the post-combustion method
over pre-combustion and oxyfuel combustion are ease of integration into existing power
plants, flexibility of operation, and the possibility of regulation and control [10]. As this
paper investigates the post-combustion CCS technology, the primary focus is placed on this
method, while other types are not discussed further. The capture of CO, from flue gases
in post-combustion technology can be achieved using absorption- or adsorption-based
methods, membrane separation, and cryogenic separation [11]. This paper focuses on the
adsorption method since there are a few works in which this method has been analyzed.

There are several types of CO, capture methods based on adsorption in CCS technology:
pressure swing adsorption (PSA), vacuum swing adsorption (VSA), temperature swing ad-
sorption (TSA), and a combination of the abovementioned methods, like pressure-temperature
swing adsorption (PTSA) [10] and vacuum—temperature swing adsorption (VISA) [12]. Re-
gardless of the specific method employed, the performance of adsorption-based CO; capture
systems is influenced by various operational parameters—most notably, the adsorption and
desorption temperature, pressure, and cycle duration [13]. Recent studies have focused on
optimizing these parameters to enhance the efficiency and reduce the energy consumption of
adsorption systems. For instance, Rebello and Nogueira [14] developed deep neural network
models that reveal detailed correlations between PSA operating parameters and system per-
formance. Similarly, Liao et al. [15] proposed a computational model to predict and optimize
the performance of VSA systems.

A second line of research has examined the impact of the sorbent type on adsorption
system performance. For example, Zhan et al. [16] compared PTSA processes using two
adsorbents—zeolite 13X and NaUSY—and found that zeolite 13X resulted in lower energy
consumption. More recently, metal-organic frameworks (MOFs) have emerged as promis-
ing sorbents for CO; capture [17]. Babu et al. [18] compared the performance of the swing
adsorption system with zeolite 13X, activated carbon, and MG-MOE-74, concluding that
zeolite 13X offered superior performance. In contrast, Henrotin et al. [19] demonstrated
that a MOF-based VPSA system achieved higher CO, purity (90%) and recovery (92.7%)
than a system using zeolite 13X (purity of 79.7%, recovery of 85%).

Researchers have also explored innovative strategies to further enhance swing adsorp-
tion systems. These include the use of moving [20] and rotating [21] adsorbents, as well
as system integration approaches. For example, Song et al. [22] incorporated a chemical
heat transformer and pressure recovery unit into a PTSA system, lowering its energy con-
sumption. Garcia-Mariaca et al. [23] investigated a TSA system integrated with an organic
Rankine cycle (ORC) to capture CO; from industrial engines, providing key insights into
energy requirements and optimal component sizing.

While understanding these performance-enhancing factors is vital for advancing
adsorption-based CO, capture technologies, it is equally important to assess their impact
in real-world applications. Adsorption-based systems are often deployed as end-of-pipe
solutions across a range of sectors, from oxygen production [24] and hydrogen recovery
from natural gas [25] to CO; capture from flue gases in natural gas combined cycle (NGCC)
plants [26] or pulverized coal combustion systems [27].

Despite the broad applicability, few studies have assessed the full-system impact of
integrating swing adsorption technologies with power plants. Riboldi and Bolland [28]
found that integrating PSA into a coal-fired power plant reduced its net efficiency from
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45.1% to 34.8%. Wang et al. [29] reported a specific power consumption of 2.44 MJ/kg CO,
for VPSA-based CO, capture from flue gases from a coal-fired power plant, though without
indicating its effect on the overall plant efficiency. Other examples include solar-assisted
PTSA integrated with a coal power plant [30], TSA combined with an ORC driven by waste
heat from a natural gas engine [23], and VPSA systems capturing CO, from open-cycle gas
turbines [31].

The carried-out literature review shows that the majority of papers have focused
either on the parametric analysis of adsorption-based CO, capture technologies or on
their influence on the performance of power plants. The literature suffers from a lack of
papers that combine these two aspects. Therefore, this paper aims to analyze the effect of
the operating parameters of the PTSA CO, capture technology on the performance of the
combined cycle gas turbine (CCGT) unit.

This paper presents the results of simulations, carried out in the IPSEpro (SimTech,
Queensland, Australia) environment, on the application of PTSA technology of CO; capture
from combined cycle gas turbine exhaust gases. The possibility of integrating a three-
stage CCGT unit with the PTSA unit was analyzed. The investigation was conducted
in two ways; firstly, the share of flue gases from CCGT directed to the PTSA unit was
changed in the range of 0-100%; and the amount of heat and electricity required for sorbent
regeneration, the amount of electricity required to drive the CO, compression system, as
well as the efficiency of the CCGT unit integrated with the PTSA and compression system
were determined. Secondly, the parametric analysis was carried out, and the effect of
adsorption and desorption pressure on the electricity and heat consumption, as well as the
performance of CCGT, was examined. The results presented in this article, which are novel
in terms of the application of the PTSA method for CO; capture from CCGT exhaust gas, are
extremely important in light of the need to reduce CO, emissions and decarbonize the Polish
energy sector.

2. Methodology
2.1. Model

The base system, subjected to simulation studies, is a power plant based on a gas
turbine and a three-stage steam turbine system, cooperating with a heat recovery steam
generator (HRSG) [32,33]. Then, the PTSA CO; capture system and the CO, compression
system were integrated with the base system. The installation process model was devel-
oped using SimTech IPSEpro software (version 7.0). This software allows the development
of numerical models of energy systems through a graphical interface. Building a model
involves assembling the system from components (models of individual devices) and spec-
ifying the relationships between them. The model of each component device is formulated
in the form of algebraic equations (in particular, mass and energy conservation equations),
mathematically describing the processes taking place in these devices. Models of standard
devices, such as boilers, pumps, compressors, heat exchangers, etc., are available in the
software’s standard library. However, the IPSEpro environment also allows the creation of
custom models of devices not found in the program’s standard library. Using this capability,
amodel of the PTSA capture system was developed, with its mathematical model presented
below. Furthermore, experimental research results on the sorption capacity of sorbents and
specific heat, which are incorporated into the PTSA model in the form of a table, are also
utilized. A schematic diagram of the investigated power plant system is shown in Figure 1,
while Figure 2 presents the diagram of the PTSA unit.
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Figure 2. Simplified PID scheme of PTSA unit with stream markings.

In the PTSA (Figure 2) method, flue gases are compressed and enter the adsorption col-
umn, where the adsorption process takes place. Once the sorbent is saturated with carbon
dioxide, the sorption bed is heated by steam, resulting in the release of carbon dioxide from
the sorbent. The pressure is then lowered in the bed to intensify CO, desorption. Desorbed
CO; flows out of the bed while the bed itself is cooled until the adsorption temperature is
reached [34].

In order to efficiently capture COy, it is necessary to provide heat for desorption and
cooling during adsorption. In the considered cases, the heat required for the desorption
process is extracted from the steam extraction of the first stage of the steam turbines. The
next step in the process is to direct the captured CO; to a 10-stage compression system
with intercooling after each stage. After the final compression stage, carbon dioxide is at
a pressure of 80 bar and a temperature of 25 °C. The assumptions used in the simulation
studies are shown in Table 1. In addition, the model neglects pressure losses in the pipelines
and heat losses.
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Table 1. Boundary conditions.

C2H6: 0.0391
C3Hg: 0.0062
CHy: 0.9339
CO,: 0.0061
N»: 0.0087

Pressure p = 36 bar
Fuel parameters Temperature t =5 °C
Mass flow rate m = 13.543 kg /s

Mechanical efficiency nm, = 0.99
Gas turbine parameters Isentropic efficiency ns = 0.90
Pressure ratio of the compressor pratio = 18.3

Fuel composition
(mass fraction)

High-pressure turbine inlet: p = 144 bar
Steam turbine parameters Medium-pressure turbine inlet: p = 20.7 bar
Low-pressure turbine inlet: p = 3.8 bar

The basic mathematical equations applied in the PTSA model (Figure 2) are presented
below [35]. The nomenclature is shown at the end of this paper.

e  Mass balance

fy = 1y + 13 (1)

my —ms =0 )

e — 1y = 0 ®)

my — xcopty = 0 4)

my = 1its(a(pez, 1) — a(pa, ts)) ®)
mg = ms(1+a(pa, t3)) (6)
g = 1ms(14 a(pez, to)) @)

e  Energy balance during the adsorption

iy = tiizhy — (g0 — 1itg) Qa + Qjprans (8)
titghs + Qtrans = Mmoho )

hg = hsorp(to) + (g — 1its) heoa (p2, to) / 1itg (10)
h1o = h(ti) + (1119 — 111s) heon (3, t10) /1110 (11)

e  Temperature changes during the adsorption

tg + Atsory = tio (12)
e  Flue gas pressure loss
p1— Apsp =ps3 (14)

e  Energy balance during the desorption
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titghy — Q1 — Qua — m2Qy = titshs (15)
titghs (Pez, t1o) + 12Qq + Qp1 = ritghs(pa, ts) (16)
iaheon (P3, t10) + Quo = titghy (17)

o  Heating medium pressure loss
pa—Apg = ps (18)
e  Energy balance during the sorbent cooling
mghs(pa, ts) — tghs(p2,t9) — Qup = 0 (19)
itz (h7 = Ig) = Qa = 0 (20)
e  Cooling medium pressure loss

Pe — Ape = P7 (21)

Efficiency is a key parameter that describes the performance of any power plant. The
net 77net and gross 7gross efficiency were calculated as follows:

Pel.gross — Pel.own cons.

- (22)
Mnet Pfuel
Pel.gross
= 2
Ngross Pfuel (23)

2.2. Sorbent

Two sorbents were chosen for the simulation: one synthetic sorbent 5A and one
synthesized from fly-ash Na-A. Detailed characteristics of the sorbents can be found in [36].

Synthetic zeolite 5A has the highest sorption capacity and heat of adsorption of
26 k] /mol. In contrast, zeolite Na-A has a lower sorption capacity than sorbent 5A and a
higher heat of adsorption, which is 45 k] /mol. An alternative to synthetic zeolite 5A may be
the use of zeolites synthesized from fly ash, which is a by-product of coal fuel combustion.
This will allow the management of waste from power plants and, above all, will reduce the
cost of CO, separation from flue gases. Therefore, the use of the Na-A sorbent for further
simulation studies seems justified, even though the sorption capacity of the Na-A sorbent
(Figure 3) is smaller than that of the 5A sorbent (Figure 4).

According to the characteristics of the sorbents (Figures 3 and 4), it was found that with
increasing the pressure of the adsorption process, there is an increase in sorption capacity,
while raising the process temperature causes a decrease in sorption capacity. Therefore, the
temperature of the flue gas at about 80 °C (this corresponds to the temperature of the flue
gas before entering the stack) allows carbon dioxide sorption to be carried out efficiently
since raising the adsorption temperature negatively affects the sorption capacity of both 5A
and Na-A. On the other hand, with the decrease in pressure and the increase in temperature
during desorption, the sorption capacity of zeolites decreases, allowing deep desorption of
the sorbent.
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Figure 4. Sorption capacity of zeolite 5A as a function of pressure and temperature.

2.3. Conditions of Simulation

To model the effect of CO, capture on the operation of the power unit depending on the

amount of flue gas directed to the PTSA, it was assumed that the CO, adsorption process
in the PTSA is carried out at a temperature of 79.09 °C and pressure of 1.07 bar. These
values correspond to the temperature and pressure of the combustion gas that leaves the
CCGT and enters the PTSA system. On the other hand, the desorption pressure was fixed
at 0.1 bar, and the carbon capture efficiency was set at 100%. According to the assumption,
the heat generated during the CO, adsorption process is taken up by the sorbent and the
CO,-free flue gas. Thus, the treated flue gas leaving the PTSA has a temperature higher
than its inlet temperature. For the case where zeolite 5A was used, the flue gas leaving the
PTSA has a temperature of 84.73 °C, while for the case where zeolite Na-A was used for
CO; capture, the purified flue gas has an outlet temperature of 91.51 °C.

In the second part of the analysis, based on Figures 3 and 4 of the sorption properties
of Na-A and 5A zeolites, a comparative analysis of different operating parameters of the
PTSA unit was conducted. The parameters of the steam used for desorption were set at
a constant level, with a capture level of 90%, and the amount of flue gas directed to the
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PTSA unit was 100% from the power plant. In the calculations, 13 different cases were
analyzed, which are summarized in Table 2. In cases 1-7, the desorption pressure was set to
0.15 bar, while the adsorption pressure varied (1/1.5/2/2.5/3/3.5/4.0 bar). In cases 8-12,
the desorption pressure was changed (0.03/0.06/0.09/0.12/0.15 bar), while the adsorption
pressure was fixed at 1.2 bar. Additionally, based on the obtained results, an additional
case (Case 13) was analyzed, where the pressures were chosen such that the unit heat and
electrical energy requirements were equal. The comparative analysis examined the index
of electricity and heat demand in relation to carbon dioxide captured. Furthermore, the

impact of the operational parameters of the PTSA unit on the net efficiency of the power
plant was investigated.

Table 2. Operating parameters of the PTSA unit for different cases.

- ~ e < 1) © ~ ® o S g a ko]
Parameter Unit § § % % % % aé § % @ a ? s
o o o o o o 9] o o S S S S
Adsorption pressure Bar 1.0 15 20 25 30 35 40 1.2 1.2 1.2 1.2 1.2 135
Desorption pressure Bar 015 015 015 015 015 015 015 003 0.06 0.09 012 015 0.15

3. Results and Discussion
3.1. Analysis of the Results Depending on the Volume of Exhaust Gas Directed to the PTSA Unit

Simulation results of power plant operation with the PTSA system under constant
conditions of adsorption (t = tfiye gas/ P = Pflue gas) and desorption, where the pressure is
0.1 bar and the temperature and pressure of steam for regeneration are 480 °C and 21.8 bar,
respectively, were analyzed. The calculated composition and parameters of the flue gases
entering and leaving the PTSA unit are shown in Table 3.

Table 3. Parameters of flue gas—results of simulations.

Parameter Flue Gas Before PTSA  Flue Gas After PTSA (CO;-Free)

Mass flow rate, kg/s 587.94 551.14
Temperature, °C 79.09 84.73
Pressure, bar 1.07 0.907

CO,: 0.0626 CO,: 0.0

Composition H,0: 0.0505 H,0: 0.0538
(mass fraction), - N,: 0.7720 N,: 0.8236
0,: 0.1149 0,: 0.1226

The gross and net: electrical power and efficiency of the power plant are shown in
Figure 5. As can be seen, the highest power and efficiency are achieved when the PTSA is
not used, i.e., there is no carbon capture. Then, the power and efficiency linearly decrease
with an increasing share of flue gases directed to the PTSA. This result is visible for both
sorbents Na-A and 5A. Compared with the power plant without PTSA, the percentage
decrease in gross power and efficiency is approximately 5.3% and 1.8% for Na-A and 5A,
respectively, when the entire stream of flue gases is directed to the PTSA. However, the
drop in net power and efficiency is about 14.7% for Na-A and 11.1% for 5A. This difference
between the two sorbents is a result of the different thermophysical parameters of the
sorbents, especially the heat of adsorption/desorption, which is lower in the case of the 5A

sorbent. Therefore, less heat and consequently less steam are required to regenerate the 5A
sorbent compared with Na-A.
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Figure 5. Gross and net: electrical power (Pgross, Pnet) and efficiency (ngross, Tinet) of the power plant
as a function of the share of flue gases directed to the PTSA.

The net power and efficiency reduce faster than the gross power and efficiency since
the power required for CO, compression linearly increases with increasing share of the flue
gases directed to the PTSA, which is shown in Figure 6. The maximum power required
for CO, compression is about 22 MW for both Na-A and 5A. The power required for CO,
compression depends on the mass flow rate of CO,. As the mass flow rate of CO; that
is being captured in the PTSA is the same for the two sorbents, the power required for
CO, compression is also the same. The maximum CO, capture is 36.8 kg/s (132.48 t/h).
Assuming that the power plant uptime is 95% per year (8322 h per year), the annual CO,
emission from the investigated power plant can be reduced by about 1.1 Mt when the PTSA

is used.
40 40
—&— P_compress L
35 4 1 35
—&—m_C02 e
30 1 A 130
- ~
225 + K 15 ¥
= A A S
20T - A T3
3 A A ®
215 + A Ak 115 2
, A 3
10 1 P A AA + 10
5 ¢ A‘ 5
g |
0 —t—ttttt 0

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Share of flue gases directed to the PTSA

Figure 6. CO, compression power (Pcompress.) and mass flow rate of captured CO; (mcpy) as a
function of the share of flue gases directed to PTSA.

Figure 7 presents the mass flow rate of cooling water required for PTSA cooling and
compression system cooling, as well as the mass flow rate of steam required for sorbent
regeneration in the PTSA. As can be seen, the mass flow rate of steam linearly increases
with the increasing share of flue gases directed to the PTSA, and the maximum mass flow
rate of steam is about 17 kg/s for sorbent Na-A and 6 kg/s for sorbent 5A. Thus, the steam
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required in the case of sorbent Na-A is about three times higher than that for sorbent 5A.
Similarly, the required cooling water for cooling both the PTSA and the compression system
linearly rises with an increasing share of flue gases directed to the PTSA, and the maximum
flow rate of cooling water is about 176 kg/s for the Na-A sorbent and 110 kg/s for the 5A
sorbent. A higher cooling water requirement for the Na-A sorbent than for the 5A sorbent
is because the heat of regeneration of sorbent Na-A is greater than that of 5A.

The rate of heat flow for sorbent regeneration, CO, compression cooling, and PTSA
cooling is visualized in Figure 8. It is evident that, in this case, similarly to the previous
cases, the heat flow rate required for PTSA heating and cooling and for compression instal-
lation cooling linearly increases with an increasing share of flue gases directed to the PTSA.
Regarding the heat flow rate required for PTSA cooling, the maximum heat flow rate is
30 and 6 MW for Na-A and 5A, respectively. This difference is caused by the differences
in the thermophysical properties of the sorbents, i.e., the heat of adsorption. In turn, the
heat flow rate required for sorbent regeneration is a maximum of 42 MW for Na-A and
14 MW for 5A. It should be noted that the heat flow rate required to cool the CO, compres-
sion system is the same for both sorbents. This outcome is due to modelling assumptions,
which assume that the total CO, capture rate is constant regardless of the sorbent.

200
m_coolingwater_NaA
180 T —A—m_PTSAsteam NaA
160 + m_coolingwater_5A
% 140 L —®—m_PTSAsteam_5A
>
g 120 +
2
=z 100 +
o
= 80 +
wv
vl
g 60 +
40 +
0 f g

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Share of flue gases directed to the PTSA

Figure 7. Mass flow rate of cooling water for CO, compression (Mcoolingwater) and steam for sorbent
regeneration (Mpygagteam) as a function of the share of flue gases directed to the PTSA.

45 -
Q_PTSAinput_NaA |
40 1 Q_compress.cooling_NaA
35 J —#&—Q_PTSAcooling_NaA
g 20 Q_PTSAinput_5A
s T Q_compress.cooling 5A ’
= 25 + —e—Q_PTSAcooling 5A
b
1]
220 +
—
o
o 15 +
T
&
10 +
5 -
0 = t t } } } } } i

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Share of flue gases directed to the PTSA

Figure 8. The rate of heat flow for sorbent regeneration (Qprsainput), for CO, compression cooling
(Qcompress.cooling), and for PTSA cooling (Qprsacooling) s a function of the share of flue gases directed
to the PTSA.
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3.2. Analysis of the Operation of the PTSA Unit as a Function of Adsorption and
Desorption Pressure

In Figure 9, the dependence of the heat and electrical energy demand factor in the
PTSA unit on the adsorption and desorption pressure is presented. It must be noted that
the electrical energy demand factor includes only electricity for flue gas compression before
the PTSA unit and electricity for powering the vacuum pump, while it does not include
the electricity demand for pure CO, compression. Analyzing the influence of adsorption
pressure on the energy demand in the PTSA unit, the desorption pressure was set at
a constant level of 0.15 bar (Figure 10c,d). However, when analyzing the variability of
desorption pressure, the adsorption pressure was set at 1.2 bar (Figure 9a,b). It is important
to note that the low sorption capacity of Na-A zeolite at 1-bar pressure prevented the
operation of the PTSA unit for the given exhaust gas flow rate and CO, capture level.
Therefore, the results for the mentioned pressure value are not presented in Figure 9c.
Similarly, during the analysis of the influence of desorption pressure on the operation of
the PTSA system, the results for the desorption pressure of 0.15 bar were not considered,
as the sorption capacity of Na-A zeolite under these conditions prevented the unit from
operating for the entire exhaust gas flow rate and CO; capture level of 90%.

Na-A zeglite, adsorption pressure 1.2 bar

18
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Figure 9. Heat and electricity demand as a function of adsorption and desorption pressure: (a) Energy
demand for Na-A zeolite; (b) Energy demand for 5A zeolite; (c) Energy recovery for Na-A zeolite;
(d) Energy recovery for 5A zeolite.

The electrical energy demand index for adsorption and desorption is at the same
level for both Na-A and 5A zeolites, as it includes the energy required for compressing
the exhaust gases before the PTSA unit and the energy to power the vacuum pump for
the desorption bed. Therefore, considering a constant exhaust gas flow rate directed to
the PTSA unit and the CO; capture level, this relationship is accurate. However, when
analyzing the heat demand index, it should be noted that at a desorption pressure of
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0.03 bar, Na-A zeolite requires approximately twice as much heat for desorption as 5A,
and as the desorption pressure increases, the discrepancy in heat demand between zeolites
increases. For example, at a desorption pressure of 0.12 bar, Na-A zeolite requires about
three times more heat for desorption compared with 5A zeolite. That is directly observed
from the graphs of the sorption capacity of the zeolites (Figures 3 and 4) and indicates that
Na-A zeolite requires maintaining a low pressure to enable its deep desorption, which, in
turn, affects the increase in the electrical energy demand of the vacuum pump. A similar
relationship is observed in Figure 9¢,d, where at an adsorption pressure of 1.5 bar, 5A zeolite
has a three times lower heat demand than Na-A zeolite, and as the pressure increases,
the difference in heat demand decreases, which is related to the shift toward PSA and the
increase in electrical energy demand in the unit.
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Figure 10. Comparison of heat and electricity requirements, with energy recovery and sorbent
requirements for different cases: (a) Energy demand for Na-A zeolite; (b) Energy demand for 5A
zeolite; (c) Energy recovery for Na-A zeolite; (d) Energy recovery for 5A zeolite.

In Figure 10a,b, a comparison of the heat and electrical energy demand (electricity
for flue gas compression before the PTSA unit and electricity for powering the vacuum
pump) of different operating parameters of the PTSA system is presented. These demands
do not include the energy required to compress CO; so as to allow comparison of the
energy and heat requirements of the PTSA unit with the results of other research teams.
However, when analyzing the net energy efficiency value of the power plant unit with CCS,
the electricity demand of all systems was taken into account: flue gas preparation before
the PTSA unit, the vacuum pump, the auxiliary equipment, and the compression system
for captured carbon dioxide. Meanwhile, Figure 10c,d show the analysis of the potential
for recovering electric energy—from the expansion of exhaust gases at the outlet of the
adsorption bed and the recovery of heat from the compression of exhaust gases before
the PTSA system. Electrical energy recovery is proposed for cases where the pressure of
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the exhaust gas at the inlet to the adsorption bed exceeds 1.5 bar, while heat recovery is
carried out in a flue gas/water heat exchanger, with water heated from 15 to 100 °C. It
is important to note that the recovery of electrical energy allows for a reduction in the
electricity demand index for Cases 2-7 by approximately 30%. On the other hand, heat
recovery for all variants significantly exceeds the heat demand; however, considering that
this is low-temperature heat, its utilization for sorbent regeneration is impossible. However,
it can be used to reheat the water for economizers in the HRSG unit of the power plant,
which can partially contribute to reducing the negative impact of the capture system on the
net efficiency of the power plant.

It should be noted that the lack of flue gas compression before the PTSA unit (Case 1) is
characterized by the highest heat demand and the lowest electricity demand among the
analyzed options. For the others (Cases 2-7), the electricity demand varies in the range
of 1.2-4.4 M]/kgCO,, which is several times higher than the electricity demand of the
variants for variable desorption pressure (Cases 8-12). On this basis, it can be concluded
that taking into account the energy balance of the process, it is more suitable to carry out
carbon dioxide capture at a desorption pressure of 0.9-0.15 bar and an adsorption pressure
of 1.2-1.4 bar.

3.3. Model Validation and Results Comparison with the Literature

The validation of the model was carried out by comparing the heat and electrical
energy demand obtained in this paper with the results from the open literature. The
comparison is summarized in Table 4. As can be seen, the heat demand in this study
varies from 0.24 to 1.66 MJ/kgCO,, while the electrical energy demand varies from 0.27 to
4.35 MJ /kgCO, depending on the sorbent type and pressures of adsorption and desorption.
Therefore, the values obtained in this study are comparable with the results reported in
the open literature (considering the differences in conducting research), which proves the
validity of the model. Furthermore, this study shows that the heat and electrical energy
demand can be regulated by adjusting the adsorption and desorption pressures in the
PTSA and that it is possible to reduce both the heat and electricity demand by choosing the
appropriate PTSA operating parameters.

Table 4. Validation of the model by comparing the selected results of this paper with other works.

. . Electrical
Zeolite %dsorptl.on/ Adsorption €O, Inle.t CO; Recovery  Heat Demand Energy
esorption Temperature Concentration o Ref.
Adsorbent Pressure [bar] [°Cl 1% 1 [%] [M]/kgco2] Demand
mase [MJ/kgcol
5A 1/1 25 10 74-83 4.41-4.60 - [37]
13X 1.17/0.08 50 16 83.7 - 2.65 [29]
5A 1/0.06 n.d. 15 79-91 - 2.64-3.12 [38]
5A 1.5/0.15 n.d. 15 91.1 0.646 * [39]
5A 2.0/0.1 n.d. 15 90.1 0.561 * [28]
F-9HA 4.04/1.0 25 10 90 - 3.90 [22]
5A 1/0.15 80 6.3 90 1.60 0.27 This study
5A 4/0.15 80 6.3 90 0.24 4.35 This study
Na-A 1.5/0.15 80 6.3 90 1.66 1.29 This study
Na-A 4/0.15 80 6.3 90 0.32 4.31 This study
5A 1.2/0.03 80 6.3 90 0.24 0.98 This study
5A 1.2/0.15 80 6.3 90 0.75 0.68 This study
Na-A 1.2/0.03 80 6.3 90 0.37 0.98 This study
Na-A 1.2/0.12 80 6.3 90 1.45 0.71 This study

* The type of energy was not marked.

4. Conclusions

This article presents the results of simulations, performed in IPSEpro software
(SimTech), on the possibility of reducing CO, emissions from a natural gas-fired CCGT
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power plant. The reduction in CO, emissions is carried out in the analyzed case by using
the PTSA adsorption CO; capture technology.

Simulations showed that if the entire flue gas stream is diverted to the PTSA, 36.8 kg/s
of CO, will be captured from the flue gas, reducing CO; emissions by 1.1 Mt (megatons)
per year. However, the use of the PTSA will be associated with a reduction in gross and
net electrical power and a reduction in gross and net efficiency of the power plant. The
reduction in power and efficiency of the CCGT plant is related to the steam extraction
from the steam turbine for sorbent regeneration and is due to the need to supply the
CO; compression system, vacuum pump, and auxiliary equipment with electricity. With
maximum CO, capture, the gross power and efficiency of the CCGT will decrease by 5.3%
if the Na-A sorbent is used and by 1.8% if the 5A sorbent is used compared with a CCGT
operating without the CO, capture system. In contrast, the net power and net efficiency of
the CCGT will decrease by 14.7% when using the Na-A sorbent and by 11.1% when using
the 5A sorbent. Such differences are due to the different thermophysical properties of the
sorbents, and on the basis of the results obtained, it was concluded that synthetic zeolite
5A is a better sorbent than Na-A from fly ash.

It was also found that the operating parameters of the PTSA unit must be appropriately
selected, depending on the properties of the sorbent used. Sorbent Na-A was not suitable
for adsorption pressure below 1.5 bar and desorption pressure above 0.12 bar. In addition,
the change in the adsorption and desorption pressures had a significant influence on
the demand for heat and electricity. Increasing the desorption pressure resulted in an
increase in the heat demand and a lowering of the electricity demand, while increasing the
adsorption pressure had a reverse effect. The ability to control the demand for heat and
electricity is a definite advantage, as it allows for more rational energy management; for
example, it allows for greater use of waste heat if the plant has access to it. The results of
the analysis indicated also that the net efficiency of the CCGT integrated with CCS can be
as high as 48% (as compared with about 55% for CCGT without CCS) when the operating
parameters of the PTSA are optimized.

The research topic undertaken in the present work is timely and extremely relevant,
given the need to reduce CO; emissions into the atmosphere arising from concern for
environmental protection and the prevention of climate change. Increasingly stringent
legislation and various international treaties also require reducing CO, emissions. The
results presented in this paper showed the great potential for the application of PTSA
technology for carbon dioxide capture from flue gases, especially since PTSA technology
can be integrated into existing facilities without requiring significant modifications to the
power plant.
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Glossary

Symbols

m Mass flow [kg/s]

P Pressure [bar]

t Temperature [°C]

h Enthalpy [J/kg]

Q Sorption heat [k] /kgcoa]

Q Heat transfer [W]

a Sorption capacity [kg/kg]

X Mass share of the exhaust gas components [kg/kg]
Ap Temperature drop [°C]

At Pressure drop [bar]

n Power plant efficiency [-]

P Power [W]

Subscripts

1 Exhaust gas

2 Clear carbon dioxide

3 Exhaust gas without CO,

4 Sorbent regeneration steam inlet

5 Sorbent regeneration steam outlet

6 PTSA cooling water inlet

7 PTSA cooling water outlet

8 Sorbent after desorption

9 Cooled sorbent after desorption

10 Sorbent before desorption

a Adsorption

d Desorption

trans Heat transferred to the sorbent during adsorption
sorb Sorbent

trl Heating the sorbent during desorption
tr2 Heating the CO, during desorption
sp Exhaust gas

g Sorbent regeneration steam

ch PTSA cooling water

el,gross Total electricity

fuel Chemical power

el,own cons.  Electricity consumption of auxiliary equipment
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