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Abstract: In order to reduce greenhouse gas emissions associated with power generation, the replace-
ment of fossil fuels with renewables must be accompanied by the availability of dispatchable sources
needed to balance electricity demand and production. Combined cycle (CC) power plants adopting
post-combustion capture (PCC) can serve this purpose, ensuring near-zero CO; emissions at the
stack, as well as high efficiency and load flexibility. In particular, the chemical absorption process is
the most established approach for industrial-scale applications, although widespread implementation
is lacking. In this study, different natural gas combined cycle (NGCC) configurations were modeled
to estimate the burden of retrofitting the capture process to existing power plants on thermodynamic
performance. Simulations under steady-state conditions covered the widest possible load range,
depending on the gas turbine (GT) model. Attention was paid to the net power loss and net efficiency
penalty attributable to PCC. The former can be mitigated by lowering the GT air-fuel ratio to increase
the CO; concentration (Xcoy) in the exhaust, thus decreasing the regeneration energy. The latter is
reduced when the topping cycle is more efficient than the bottoming cycle for a given GT load. This
is likely to be the case in the less-complex heat recovery units.

Keywords: combined cycle; off-design; part load; net efficiency; post-combustion CO, capture;
chemical absorption; decarbonization

1. Introduction

The amount of warming the Earth is experiencing is the result of more than a century of
gas emissions from human activities. The likely range of total human-caused global surface
temperature increase from 1850-1900 to 2010-2019 is 0.8 °C to 1.3 °C. Rising temperatures
have led to rapid and widespread changes in the atmosphere, oceans, cryosphere, and
biosphere. Examples include sea level rise, global retreat of glaciers, spatial variations in
precipitation, and increase in the frequency and intensity of extreme weather events [1]. The
cascading impacts of climate change on food security and nutrition are already affecting
the most vulnerable [2].

CO; emissions are the main driver of global warming: after a drop in 2020 due to the
effects of the COVID-19 pandemic, the upward trajectory of global CO, emissions resumed.
In 2022, total energy-related CO, emissions (including those from energy generation as
well as energy-related industrial processes) reached 36.8 Gt [3]. An additional 1.1 percent
growth occurred in 2023, thus reaching a new record high of 37.4 Gt. This was mainly due
to the economic rebound and a further increase in fossil fuel consumption: unabated coal
was chosen as a cheaper but more emissive fuel, compared with natural gas (NG), especially
in emerging economies [4]. Despite the good news of slower CO, emissions growth than
global economic activity in 2023 (~3%), the rapid downward trend needed to meet the
global climate goals set in the Paris Agreement is far from being achieved. This means
that the annual increase in global capacity and use of clean energy, while reaching, in 2023,
the fastest growth rate in two decades, is still not enough to achieve the decarbonization
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targets defined by COP28 [5]. Furthermore, a net zero emissions scenario cannot rely only
on renewables, such as solar and wind power. These need to be complemented by progress
across grid infrastructure, storage, and dispatchable low-emission generation, with the
aim of ensuring flexible and secure operation of electricity systems. Fossil fuels with
carbon capture will remain important through the next decades as providers of seasonable
flexibility and benefits essential to the operation of electricity grids, such as inertia and
frequency control [6]. They can contribute to meeting the additional demand of global
electricity as a result of population and income growth and the electrification of increasing
numbers of end-uses, especially in emerging markets and developing economies [7].

For the first time in a decade, several carbon capture and storage (CCS) projects are
under construction around the world. As of 31 July 2023, total CO, capture capacity
increased by nearly 50% compared to 2022 and the outlook is for continued growth. North
America is the world leader in CCS deployment due to substantial policy enhancements,
particularly the US Inflation Reduction Act [8]. It should be noted that investment in
CCS is mainly driven by government policy and regulation, which may include emission
trading systems, carbon taxes, and any direct or indirect subsidies (such as tax credits, loan
provision, grants, or loan guarantees). Since costs of CO, capture typically decrease with
increased Xcpy in the flue gas, application to power generation, with CO; quite diluted,
is the most challenging [9]. In fact, flue gases exit the stack close to atmospheric pressure,
with a Xcop of 7 to 14% in coal-fired power plants, whereas in the case of gas-fired power
plants, it drops to a value of about 4%. This is a serious challenge that helps explain why
few CCS projects are in the operational phase, given the large size and high capital costs of
the process apparatus [10].

When it comes to retrofitting existing power plants, post-combustion technologies
are the most frequently considered. Among them, chemical absorption is the most mature
and reliable CO; separation technique [11]. The typical 30 wt% mono-ethanolamine (MEA)
solution has well-characterized performance: it allows CO, capture rates above 95% and a
CO; product purity of 99.9 vol% (dry). Indeed, it is considered the industry standard, with
the MEA concentration resulting from the trade-off between capture performance and MEA
degradation and corrosion. Also, CO, purity meets product specifications in most cases, so
an additional purification step may not be necessary [12]. On the one hand, MEA is the
most widely used due to its low viscosity and volatility, high selectivity, rapid reaction, and
relatively low cost. On the other hand, it is also sensitive to impurities and requires flue gas
desulfurization and denitrification to work effectively. Most importantly, the regeneration
process is highly energy intensive, which is an economic and environmental barrier to the
widespread adoption of this technology [13]. Moreover, the toxic degradation products
generated need additional handling [14]. Second-generation solvents are maturing with
the goal of weakening CO,-amine bonds, thereby decreasing the energy associated with
CO, release without a significant reduction of the CO, absorption rate [15]. But today,
conventional liquid amine systems are the go-to method for capturing CO,, especially at
low partial pressures. Their application to NGCCs may result in increased operational costs,
reduced power output [16], and a net efficiency penalty between 7 and 9 percentage points
(pp)—for a CO; capture rate of 90%—but has significant potential to diminish greenhouse
gas emissions in the power sector [17].

Moving from theory to practice, despite the rapid escalation in the development of
new CCS projects, relatively few have yet reached the engineering design stage. We can
mention those reported by the National Energy Technology Laboratory [18], with a CO,
capture rate of at least 95%, adopting a solvent-based process:

Cane Run 7, Kentucky’s first NGCC, with a capacity of 640 MW;

General Electric Gas Power domestic NGCC located in Schenectady, NY, USA;
Calpine’s Delta Energy Center, a 944 MW NGCC located in Pittsburg, CA, USA;
PK2, an 1190 MW NGCC belonging to the Polk Power Station located in Mulberry,
FL, USA.
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Additional projects have been selected for award negotiations within the “Carbon
Capture Demonstration Projects” program administered by DOE [19]:

e  Baytown Energy Center (Baytown, TX, USA), a 896 MW NGCC operated in combined-
heat and power mode;
A 1.2 GW NGCC power plant located in Deer Park, TX, USA;
Sutter Energy Center, a 550 MW NGCC near Yuba City, CA, USA.

RWE, the UK’s leading electricity generator, is testing the feasibility of options to
retrofit PCC technology at its NGCC power stations at Pembroke and Stay Thorpe. It is also
developing proposals for a new carbon-capture, gas-fired power station at Stallingborough
with a capacity of 800 MW.

All these projects share a focus on operability, including startup, shutdown, and
a range of power outputs, which are critical to enable NGCC plants with CCS in load-
following mode to facilitate the integration of intermittent renewable sources. Available
experimental data related to these conditions are currently very limited but encouraging:
flexible operation of the amine PCC is possible provided that careful monitoring of the
parameters governing the CO; absorption/desorption process is carried out [20,21].

At least, there is a greater availability of scientific publications related to thermody-
namic modeling of NGCC coupled with PCC, both at design and off-design conditions. The
general conclusion is that the NGCC is always capable of supplying the capture unit with
sufficient steam for solvent regeneration at full load, part load, and during load changes [22].
However, even if the pressure requirement of the steam to be extracted can be met at part
load, the minimum turndown should still ensure a difference greater than zero between
the steam pressure at the point of the extraction from the turbine and that required in the
reboiler. The same applies to steam temperature. For this reason, the minimum GT load
varies according to the case study: 60% in [23], 35% in [24], and 50% in [25].

As GT load is reduced, the amount of CO; captured decreases: the optimal liquid-
to-gas ratio in the absorber, which minimizes the specific reboiler duty (SRD), should be
lowered to maintain the desired level of CO, removal efficiency [26,27]. However, there is
no agreement on the corresponding regeneration energy trend: SRD decreases at part load
in [26], while the opposite occurs in [27]. Even considering dynamic modeling, it seems
that the addition of PCC to a NGCC should not impose any constraints on operation under
scheduled load changes. The stabilization times of the main power island parameters were
found to be significantly shorter (up to half an hour) than those of the PCC unit (up to
4 h) [28]. Despite different transient time scales, disturbances in steam extraction to feed
the PCC unit have negligible impact on the power generation dynamics of the NGCC
system [29].

In light of this, the thermodynamic modelling reported here is steady state, with
energy and mass balances solved iteratively until convergence is achieved. The works
cited [22-29] all refer to NGCC models with a triple-pressure heat recovery steam generator
(HRSG), to represent the most efficient technology. The novelty of this study is to discuss
the integration of PCC in NGCCs with different HRSG layouts (and capacity), under part
load operation. Steam extraction from the crossover was adopted to meet the thermal need
of the capture process, as it is the most feasible solution for retrofitting operating power
plants, despite the efficiency penalty.

To the authors” knowledge, only Vaccarelli et al. [30] has focused on different NGCC
configurations with PCC, but they assumed that the reboiler duty is partially covered by
the hot water from the economizer. In any case, the results of [30] may be an interesting
term of comparison, also in view of the fact that a simpler layout may require lower
capital, operational, and maintenance costs. Indeed, a single-pressure HRSG concept is
referred to in [22], but with the aim of highlighting the better performance achievable with
a triple-pressure NGCC.
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2. Description and Modelling of the NGCC Layouts without CO, Capture

For consistency with the published literature, the thermodynamic analysis of NGCC
started from the three- and then extended to two- and one-pressure level HRSG, with
the aim of covering the whole spectrum of power block configurations. All power plant
schemes (see Appendix A) were implemented in THERMOFLEX® Version 31 (Thermoflow
Inc., Jacksonville FL, USA) according to state-of-the-art CC technology. A brief explanation
of the solver settings has been included in Appendix B.

The assumptions common to all the cases analyzed are as follows:

e Simulations were carried out at ISO conditions, defined as 15 °C ambient temperature,
1.013 bar ambient pressure, and 60% relative humidity;

e  The GT fuel is a mixture of gaseous hydrocarbons consisting primarily of methane
(87%), as listed in Table 1;

e  HRSG design was based on a blowdown fraction of 1%, which implies high-quality
feedwater, an evaporator pinch point temperature difference of 10 to 20 °C, and an
economizer subcooling of 5 °C.

e Atpartload, each steam turbine (ST) stage operates in sliding pressure mode: inlet
turbine areas remain constant, and live steam pressures result naturally as a function
of the steam flow rates, according to the choking conditions at the ST inlet.

Table 1. Natural gas properties.

Fuel Composition [vol%]

Methane (CHy) 87
Ethane (C,Hg) 8.46
Nitrogen (Nj) 3.65
Hydrogen (H») 0.36
Carbon dioxide (CO5) 0.34
Carbon monoxide (CO) 0.09
Oxygen (O,) 0.07
Ethylene (C,Hy) 0.03

Lower heating value [k]/kg] 46,280

2.1. NGCC with Triple-Pressure HRSG

This configuration, hereafter referred to as “3PRH”, comprises two GE 7E.05 gas
turbines, two triple-pressure HRSGs with reheat (RH), and one condensing ST. The
2 x 1 CC produces a net power output (Pcc ) of 708.9 MW, with a net electric efficiency
(Mcen) of 58.6%, when fed by NG (Table 1). Gross power (Pccg) amounts to 727.2 MW
with a gross electric efficiency (nccg) of 60.1%. The nominal gross power of each GT
is Pgrg =239.3 MW, with a gross efficiency of ngrg = 39.6%. The ST is divided into
three sections (high pressure (HP), intermediate pressure (IP), and low pressure (LP)),
with a capacity of 251.5 MW. The exhausted steam is condensed to saturated liquid in
a water-cooled condenser. The water makeup is due to blowdown and steam leakages
through the ST assembly. Each HRSG consists of three evaporators, eight superheaters,
and four economizers: the exhaust gases are sent to the stack at 81.5 °C. Additional design
parameters of GT and ST are listed in the second column of Table 2, and the layout is
depicted in Figures A1l and A2. Moreover, fuel pre-heating is configured by harnessing
the heat from a fraction of the IP hot water. This configuration has already been used
for various previous research on decarbonization [31,32], as it is indicative of a modern,
high-efficiency CC.

The part load behavior was based on modulating both inlet guide vanes (IGVs) and
turbine inlet temperature (TIT) to keep the turbine outlet temperature (TOT) nearly constant
(Figure 1a). This was successful as long as the GT load does not fall below 30%: TIT is
reduced and IGVs close to diminish the GT inlet air. Further load reduction, below 30%,
can only be accomplished by lowering the TOT due to fully closed IGVs and decreased
fuel flow. The alternative strategy that relies on TIT (hence fuel flow) control with constant
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nominal intake air would result in a decreasing TOT trend, thus leading to lower values
of nccn (Figure 1b). Therefore, TOT control was applied in the modeling for the entire
load range: the loss in nccn, was found to be within 3.6 pp at half load, which is actually
lower than that reported in [22-24]. Note that the minimum GT load was extended up 20%
in accordance with the manufacturer’s specifications: the corresponding loss in ncc p is
13.4 pp. Consistent with the TOT target profile shown in Figure 1a, a decreasing mass flow
rate of exhaust gas exits the HRSG at a reduced temperature while diminishing the GT load
(Figure 2a): at minimum turndown, 268 kg/s of flue gas is discharged at about 70 °C. Xcop
in the flue gas decreases from 4.3% to 3% vol, as indicated by the labels in Figure 2a. Purely
sliding pressure operation down to the GT 20% load is confirmed in Figure 2b, where inlet
pressure for each turbine stage decreases linearly with load.

Table 2. Design data of NGCC power island for the investigated configurations.

Nominal Parameters 3PRH 2P 1P
GT inlet air (kg/s) 501.2 132.3 407.7
Compressor pressure ratio 18 21 13.2
Turbine inlet temperature (°C) 1357.2 1310.2 1179
GT exhaust mass flow (kg/s) 514.2 135.3 416.1
GT exhaust temperature (°C) 648.1 569.5 541
ST-HP conditions (bar/°C) 181.2/566.1 50/520 50/520
ST-IP conditions (bar/°C) 42.6/566.1 - -
ST-LP conditions (bar/°C) 4.4/280.8 6/259 5/231
Condenser pressure (bar) 0.069 0.08 0.08
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Figure 1. Part load behavior of the NGCC—3PRH configuration: (a) TOT vs. TIT control strategy;
(b) CC net electric efficiency in comparison with published literature [22-24].
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Figure 2. Part load behavior of the NGCC—3PRH configuration: (a) mass flow rate and temperature
of the exhaust exiting the HRSG (labels indicate CO, concentration (vol%); (b) inlet pressure at HP, IP,
and LP turbine stages.
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2.2. NGCC with Double-Pressure HRSG

This configuration, hereafter referred to as “2P”, is based on a SGT-800 gas turbine with
rated Pgrg of 55.5 MW and ngr,g of 39.5%. The steam cycle comprises HP and LP steam
turbines, a condensing system, and a two-pressure-level HRSG. A net power production of
Pccn =74.5 MW is achieved with a ncc , of 53.1%. These values are consistent with the
most common application of 2P CC systems used to produce low to medium power [33].
Note that RH is not present because it is sparsely used in 2P plants. Gross performance
are the following: Pcc g and nec g equal 76.1 MW and 54.2%, respectively. The ST capacity
is 21.1 MW, thus contributing 27% to the Pccg. The HRSG, which consists of a dual
superheater-evaporator-economizer sequence, allows the exhaust gas stream to be cooled
to 137.4 °C. Further design parameters of GT and ST are listed in the third column of
Table 2, and the layout is depicted in Figure A3.

Consistent with what was explained in Section 2.1, partial-load control was adopted to
combine the progressive closure of IGVs with the reduction of fuel input to obtain a desired
TOT profile (Figure 3a). Unlike the previous case, an increase in TOT beyond the nominal value
was allowed while remaining within the threshold of about 30 °C. Therefore, the maximum
TOT value of about 600 °C is reached when the GT load is reduced to 60% and maintained
until the GT load is within 40%. For further load reduction, TOT decreases with TIT, given the
minimum amount of inlet air guaranteed by the fully closed IGVs. The profile of ncc, is better
than that of a similar “NGCC-2P” case available in the published literature [34], of comparable
size, i.e., 80 MW (Figure 3b). Nevertheless, the penalty in njcc, grows as the load decreases: it
stays within 5.4 pp at half load and exceeds 10 pp when the GT load is less than 30%. Figure 4a
provides information on the declining amount of exhaust gas discharged from the HRSG at
temperatures dropping to about 122 °C if GT load < 40%. However, stack temperatures are
always higher than those in 3PRH case, given the less effective HRSG arrangement. The sliding
pressure operating curve is reported in Figure 4b for both HP and LP turbine stages.
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Figure 3. Part load behavior of the NGCC—2P configuration: (a) TOT control strategy; (b) CC net
electric efficiency in comparison with published literature [34].
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Figure 4. Part load behavior of the NGCC—2P configuration: (a) mass flow rate and temperature of
the exhaust exiting the HRSG (labels indicate CO, concentration (vol%); (b) inlet pressure at HP and
LP turbine stage.
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2.3. NGCC with Single-Pressure HRSG

This configuration, hereafter referred to as “1P”, is the simplest. The characteristics
of the GT mimic those of the GE 9E.04, with a nominal Pgrg of 148.6 MW and ngrg of
37.6%. The ST includes HP and LP stages with an intermediate steam extraction to preheat
feedwater in a deaerator, as shown in Figure A4. The thermal power cycle is completed by
a water-cooled condenser. The contribution of ST to the total Pcc g, of 199.7 MW is 27%.
Total plant auxiliaries are about 3.5 MW, so the Pcc p, is 196.2 MW. With a nccn, of 50.4%,
this is the worst case because of less heat being recovered from the flue gas through the
HRSG, which consists of a superheater-evaporator-economizer block. It follows that the
exhaust outlet temperature is the highest, which is 193.6 °C. Additional design parameters
of GT and ST are listed in the 4th column of Table 2.

IGVs are closed progressively until the GT load is reduced to 50%, a condition close to
minimum turndown of 46%. Accordingly, TOT gradually increases due to load reduction
to the recommended limit of about 50 °C above the nominal value [35]. To restrict TOT
growth, TIT is maintained at about the nominal value at GT load > 80% but then is slightly
reduced at lower loads (Figure 5a). The resulting values of nccp, are higher than those
in [36], for a “NGCC-1P” of comparable size, i.e., 218.6 MW (Figure 5b). Nevertheless,
Nccn decreases by 4.7 pp at half GT load. Both mass flow rate and temperature of the flue
gas exiting the HRSG decrease linearly with GT load: the latter drops by about 20 °C at
half load (Figure 6a).

However, stack temperatures are the highest among the cases analyzed. The sliding
pressure curve is reported in Figure 6b for both HP and LP turbine stages, with the former
providing the steam production condition. As expected, live steam parameters decrease
with the reduction of GT load.
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Figure 5. Part load behavior of the NGCC—1P configuration: (a) TOT control strategy; (b) CC net
electric efficiency in comparison with published literature [36].
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Figure 6. Part load behavior of the NGCC—IP configuration: (a) mass flow rate and temperature of
the exhaust exiting the HRSG (labels indicate CO, concentration (vol%); (b) inlet pressure at HP and
LP turbine stage.
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3. Description and Modelling of the CO, Capture Unit

Exhaust gases leaving the HRSG enter the PCC unit, which was modeled according to
the same approach used in [32]. For clarity, the most relevant features of 30 wt% MEA-based
chemical absorption process are mentioned here, starting from the simplified layout of
Figure 7. In all cases, flue gases are cooled to 40 °C before entering the absorber, from which
they are discharged at 45 °C; 90% of the CO, contained in the inlet flue gas is captured.
This capture rate was chosen because it is the current standard for CCS-equipped power
and industrial plants operating today [37]. CO;-rich solvent exiting from the bottom of
the absorber is pumped through a heat exchanger where it is preheated with hot lean
solvent and then sent to the stripper to desorb CO;. The regeneration heat is obtained
from the steam extracted upstream of the LP turbine stage to reduce ST power loss and
meet temperature and pressure requirements of the reboiler. The hot lean solvent is cooled
before recycling back into the top of the absorber tower. CO, and water vapor leaving the
top of the stripper enter a condenser to condense the water vapor and send it back into
the stripper. The resulting CO, stream, available at 1.7 bar and 40 °C, is then compressed
to 150 bar by a five-stage intercooled compressor with 85% isentropic efficiency. At each
compressor inlet, the gas stream is cooled down to 35 °C using cooling water supplied
at 15 °C. A blower, with 85% isentropic efficiency, is placed upstream of the absorber
compensates for pressure losses.

Although the quality of steam extracted upstream of the LP ST varies depending on
the CC layout, the reboiler operation was set at about 3 bar and 133 °C in all cases (2.965 bar
and 133.1 °C, calculated from saturated steam properties). Therefore, a throttling valve,
with a downstream set point of 2.965 bar, and a desuperheater, with a specified maximum
outlet temperature of 140 °C, were included in the model to adapt LP steam conditions
(pressure and temperature, respectively) to the reboiler constraints (Figure 8). The cooling
water for the desuperheater is taken downstream of the HP pump whatever the case. The
extracted steam returns to the steam cycle from the reboiler as condensate at an appropriate
point to minimize the temperature difference from the main condensate stream: at the
deaerator inlet in the 3PRH case or at the deaerator outlet in the 2P and 1P cases.

Considering that LP turbine inlet pressure is expected to decrease at part load, as is
clearly evident from Figures 2b, 4b and 6b, a throttling valve was inserted upstream of the
LP turbine stage for inlet pressure control, with a set point of 3 bar. So, steam is supplied to
the reboiler at a sufficiently high pressure, regardless of the load, at the expense of throttling
losses. To reduce them, a multi-sector valve (four sectors) was set: the minimum pressure
drop is 2.5% of the inlet pressure, when the valve is fully open.

It should be mentioned that the chemical reactions in the highly non-ideal MEA-CO,—
H,O system were not modelled but SRD was correlated to Xcoy in the exhaust gas, as
suggested in [38]. Given the goal of 90% capture efficiency, SRD follows a decreasing
asymptotic trend, from the nominal value of 3.3 MJ/kg at the corresponding full-load Xcop
(see the red square in Figure 9) to significantly lower values when Xco; is above 7-8%.
More generally, the sizing of the PCC unit was based on exhaust gas conditions at full
load, knowing that, at reduced loads, the gas to be treated decreases in terms of flow rate,
temperature, and Xcop, as shown in Figures 2a, 4a and 6a. Further design parameters
related to the capture process are collected in Table 3.

Table 3. Design data of CO, capture unit for the investigated configurations.

Nominal Parameters (90% Capture Rate) 3PRH 2P 1P
Rich solvent flow rate (kg/s) 1226.5 142.6 396.3
Solvent consumption (kg/s) 0.0245 0.00285 0.00793

Heating steam flow rate (kg/s) 92.25 10.83 30.39

Heating steam quality * (bar/°C) 4.4/283 4.4/227 5/231

CO; captured (kg/s) 61.33 7.13 19.82

SRD (M]/kg CO,) 3.279 3.312 3.342
Condensate return ** (bar/°C) 1.9/118 2.4/126.6 2.4/126.6

* At the point of extraction from the LP turbine (component number: 80/81 in Figure A2; 17 in Figures A3 and A4).
** At the entry point into the HRSG.
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4. Performance Prediction of NGCC Power Plants with CO, Capture

For each case considered, power plant operation at part load was assessed, paying
attention to the effects of integrating the capture unit into the NGCC layout on overall
performance. Power losses and consumptions due to PCC were estimated along with SRD.
The price to be paid, in terms of reduced ncc n, was evaluated in combination with final
CO; emission intensity (EI).
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4.1. Sources of Energy Loss

It is well known that the reduction in Pcc ,, due to the application of the post-combustion
decarbonization is mainly caused by the electrical consumption of the PCC unit on the one
side and, on the other side, by the decrease in ST turbine power due to the lower steam flow
rate entering the LP stage to meet MEA regeneration. These two sources of power loss have
been quantified as percentages in Figure 10a (the remaining small fraction to reach 100% is
covered by auxiliaries). Of the two, the latter is generally more significant than the former,
regardless of CC layout and GT load. However, ST shares decrease in favor of PCC shares
while raising the GT load due to the increase in the exhaust flow to be processed. The burden
of ST nonproduction is the highest in the 3PRH case compared with the 2P and 1P cases: it
reaches a maximum of 65.3% at minimum load and falls to 57.5% at full load. Even in the 1P
case, the ST fraction is still the majority, varying from about 50% at full load to 60% at half
GT load. Indeed, the contribution of ST to CC power output grows at part load, whatever
the layout, but the role played by the bottoming cycle is more relevant where heat recovery
from flue gas is more effective, i.e., in 3PRH (Figure 10b). In this case, the fraction of power
delivered by ST to the total exceeds that of 2P and 1P by 6-7 pp.

For better understanding, Figure 11 compares the topping and bottoming cycles. In
Figure 11b, Rankine cycle efficiency (ngr) in the 3PRH layout, ranging from 31.2% to 33.3%,
is higher than that in 2P/1P by about 7-8 pp, in line with Figure 10b. In all cases, the
bottoming cycle maintains a good near-constant efficiency at part load, unlike the GT
(Figure 11a), which suffers from a penalty that depends on the control strategy illustrated
in Section 2. For this reason, CC power generation increasingly relies on ST as GT load is
lowered. This is particularly advantageous in the 3PRH case, since ng is much larger than
NGTg at loads below 50%. Obviously, each curve in Figure 10b would shift upward, with
the same trend, by 5-6 pp without CO; capture, thus emphasizing the dominant role of the
bottoming cycle over the topping one, in full accordance with [32].

The quality of steam sent to the stripper was guaranteed under all conditions. In fact,
the steam pressure at the LP stage inlet is greater than or equal to the 3-bar threshold, as
shown in Figure 12a. Indeed, throttling of the inlet control valve is only necessary when
the GT load is less than 50% in the 3PRH layout. Then, with the help of valve #33 and
component #51 in Figure 8, the reboiler is fed with a constant-pressure (and -temperature)
steam flow at 2.965 bar (and 140 °C). This is consistent with the recommendation of
Fernandez et al. [39] to ensure that the final operating temperatures in the reboiler are close
as possible to the design value so as to preserve a favorable vapor-liquid equilibrium for
desorption, thus reducing SRD at low loads. Inlet pressure at LP ST, with the control valve
fully open, is proportional to the inlet steam flow rate, which roughly corresponds to the
difference between the total amount of steam produced in the HRSG and that required by
the reboiler (neglecting ST leakages). The former is case-specific because it depends on the
waste heat from the GT exhaust flow, which in turn is a function of the GT control strategy,
while the latter increases linearly with GT load in all cases, as shown in Figure 12b. This is
in full agreement with [22]. In parallel, solvent consumption grows linearly with GT load,
and thus with CO, captured, confirming the results reported in [16].

Returning to PCC power consumption, its total amount scales with the size of the
power plant and increases with GT load (Figure 13a): values of 37, 4.6 and 13.2 MW at
full load for the 3PRH, 2P, and 1P cases, respectively, drop to 10, 1.4, and 6.4 MW at
minimum load. However, when divided by the total auxiliary consumption, the resulting
percentage shares (see labels in Figure 13a) reveal that the PCC burden becomes heavier as
the complexity of the power plant decreases: thus, the best case is 3PRH, with percentages
between 46 and 67% while the worst case is 1P, with percentages between 69 and 78%.
Whatever the case, the largest contributor to capture-related consumption is the CO,
compression train, followed by the blower. For both items, the magnitude of power input
is proportional to the flow rate of the exhaust gas to be treated and thus decreases with
load reduction. However, Figure 13b shows that their shares reflect the GT control strategy,
which ultimately affects the amount of reduction in flue gas at part load. Comparing the
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three layouts, at GT load within 50%, it is clear that CO, compression becomes increasingly
important moving away from the design point, reaching maximum shares of about 70%.
Together, the two items cover more than 90% of the total power consumed by PCC: the
remaining fraction includes the consumption of the pump for solvent circulation and some
minor items.

The impact of PCC on CC operation was further assessed in terms of SRD (Figure 14a).
The modeling predictions were compared with the results contained in [23-25], which
refer to a three-level pressure configuration. In this study, SRD is roughly constant
at GT load > 50%. However, its value is slightly different as the layout varies: it is
3.29,3.32, and 3.34 MJ/kg CO, for the 3PRH, 2P, and 1P cases, respectively. The lower the
SRD, the higher the Xcop in flue gas, the levels of which are around 4.1, 3.7, and 3.4% vol,
respectively (see labels in Figures 2a, 4a and 6a). The SRD profiles derived from the
literature are also almost flat but stand at higher values, between 3.6 and 3.7 MJ/kg CO,.
In fact, the energy consumption of the MEA process for the standard 90% capture rate
has been set at 3.8 MJ/kg CO, as a benchmark for alternatives [40]. Nevertheless, it
is recognized that this value is significantly overestimated compared with the results
obtained from proprietary advanced amine solvents tested in recent years [41]. Even
experimental parametric tests with 30 wt% MEA revealed regeneration energy between
2.3 and 3.7 MJ/kg CO,, with the lowest values recorded at the stripper pressures of
2.5 and 3.5 bar [42]. Therefore, the simulated SRD is consistent with the recent evolution of
technology toward reducing thermal energy demand. At GT load < 40%, SRD increases
significantly to 3.4-3.5 M]/kg CO, in the 3PRH/2P cases as a consequence of further CO,
dilution to very low concentrations of 3/2.5% vol. Indeed, lowering the air-fuel ratio
can help increase Xcpp in the exhaust, thus reducing the SRD, as appears from a simple
comparison between Figure 14a,b.
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Figure 10. Sources of power loss due to carbon capture for 3PRH, 2P, and 1P NGCC layouts as a
function of GT load: (a) PCC electrical consumption and ST nonproduction (percentage shares);
(b) resulting ST contribution to CC gross power.
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Figure 12. Characterization of LP steam for 3PRH, 2P, and 1P NGCC layouts as a function of GT load:
(a) pressure at the inlet of LP ST (labels indicate the mass flow rate through it); (b) extracted flow rate
for reboiler.
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4.2. Net Electric Efficiency and CO, Emission Intensity

The penalty caused by PCC was quantified in terms of percentage reduction (A%) in
Pccn (Table 4, Figure 15a) and loss in nccn (A) (Table 5, Figure 16a), as in the published
literature. The obvious linear reduction of Pcc , with decreasing GT load is confirmed by
the values reported in Table 4 and plotted in Figure 15b. The difference in Pcc,, in each
row (at the same GT load), with and without PCC, increases with power plant size for
the reasons explained in Section 4.1. Thus, in descending order, the ranking is as follows:
3PRH, 1P, and 2P. However, A% in Pccp, indicates that 3PRH is the best whereas 1P is the
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worst (Figure 15a). In fact, at GT load > 50%, the former is characterized by A% of about 12%
while the latter has A% of almost 14%. The 2P case lies in between, with A% of 13%. At lower
loads, A% rises sharply to just over 15% and 18% in the 3PRH and 2P cases, respectively. The
point is that SRD plays a key role in determining the A% in Pcc p,, as can be easily deduced by
comparing Figure 15a with Figure 14a: the greater the SRD, the heavier the A% in Pccp. In
fact, SRD was found to be the parameter that most influences the NGCC net output, according
to the sensitivity analysis performed in [43] for a 3PRH layout.

As regards ncc n, complexity of the thermal plant goes hand in hand with performance,
even when PCC is adopted (Figure 16b). In fact, profiles with PCC shift downward from
those of the non-decarbonized plants (see dashed lines), but preserving the arrangement in
descending order of nccn, i-e., 3PRH, 2P, and 1P, throughout the investigated load range. At
full load, nccn of 51.4, 46.3, and 43.4, respectively, falls to 38.3, 30.1, and 38.9 at minimum
load. This is an important difference from [30], in which a 3PRH layout with PCC was always
less efficient than the corresponding 2P case (with RH). For a further verification, outcomes
from previously published works were added to Figure 16a (see dashed lines). In all cases
in this study, nccp loss is at the minimum approximately when the GT load is low enough
to reach the fully closed IGV condition. From this operating point, increasing the GT load
to reach the nominal condition results in a slight increase in ncc, penalty, which reaches
a maximum at full load, consistent with the gradual increase in the exhaust flow sent to
the PCC unit. Operation at very low loads also causes a growth in ncc p, loss relative to the
minimum, although to a lesser extent than at the design point, due to the drop in flue gas
CO; content. Given this general behavior, the penalty in ncc is between 6.5 and 7.2 pp.
Although it is underestimated, compared to [22,24], as a consequence of the lower SRD (see
Figure 14a), the trend is fully verified: in fact, GT part load strategy in [22,24] is similar to that
assumed here. It is also reassuring that the latest revision of the NETL report [44] confirms
the validity of the predictions in Figures 15a and 16a, at least at full load: for two 3PRH CC
systems, different in size, A% in Pcc n was found to be 12%, with a loss in ncc  of 7 pp.

Table 4. NGCC net power with and without PCC for the investigated configurations, as a function of
GT load.

3PRH 2P 1P
GT Load (%) w/o PCC  with PCC A (%) w/o PCC  with PCC A (%) w/o PCC  with PCC A (%)
(MW) (MW) ’ (MW) (MW) ’ (MW) (MW) ’
20 195.5 165.4 154 20.3 16.7 18.2 - - -
30 272.1 235.8 13.4 28.6 24.2 15.3 - - -
40 338.7 296.0 12.6 36.1 31.0 14.3 - - -
50 403.9 354.4 12.3 43.0 37.1 13.7 115.5 98.4 14.9
60 467.2 410.7 12.1 49.7 43.1 13.2 132.9 113.9 14.4
70 529.4 465.6 12.0 56.3 49.0 13.0 149.3 128.4 14.1
80 588.4 517.0 12.1 62.2 54.1 12.9 165.4 142.4 14.0
90 643.5 563.8 12.4 67.9 59.2 12.9 181.0 156.1 13.9
100 708.9 621.6 12.3 74.5 65.0 12.8 196.2 169.2 13.8
Table 5. NGCC net electric efficiency with and without PCC for the investigated configurations. as a
function of GT load.
3PRH 2P 1P
GT Load (%) w/o PCC  with PCC A w/o PCC  with PCC A w/o PCC  with PCC A
(%) (%) (pp) (%) (%) (pp) (%) (%) (pp)
20 45.22 38.25 6.97 36.85 30.14 6.71 - - -
30 50.57 43.82 6.75 42.35 35.89 6.46 - - -
40 53.13 46.44 6.69 45.65 39.13 6.52 - - -
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Table 5. Cont.
3PRH 2P 1P
GT Load (%) w/o PCC with PCC A w/o PCC with PCC A w/o PCC with PCC A
(%) (%) (pp) (%) (%) (pp) (%) (%) (pp)
50 54.95 48.22 6.73 47.67 41.15 6.52 45.71 38.91 6.8
60 56.22 4943 6.79 49.26 42.74 6.52 47.1 40.31 6.79
70 57.16 50.3 6.86 50.52 43.97 6.55 48.15 41.34 6.81
80 57.74 50.75 6.99 51.43 44.79 6.64 49.02 42.17 6.85
90 57.98 50.81 717 52.21 45.48 6.73 49.75 42.84 6.91
100 58.63 51.42 7.21 53.08 46.3 6.78 50.36 43.39 6.97
= 700 | L =
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Figure 15. Effects of PCC on NGCC performance for 3PRH, 2P, and 1P layouts as a function of GT
load: (a) percentage reduction in net power; (b) net power with (and without) PCC.
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Figure 16. Effects of PCC on NGCC performance for 3PRH, 2P, and 1P layouts as a function of GT
load: (a) loss in net efficiency (pp) in comparison with published literature [22,24]; (b) net efficiency
with (and without) PCC.

From Figure 16a, it can be deduced that the 2P layout is associated with the smallest
penalty in nccn, from 6.5 to 6.8 pp: it performs better not only than the 1P case, with a
benefit within 0.2 < 0.3 pp, but also than the 3PRH layout, with an advantage that becomes
more substantial as GT load increases, up to 0.44 pp at rated load. This occurs at the same
steam extraction pressure from the LP ST as in the 3PRH case, for which the loss in ncc
varies between 6.7 and 7.2 pp.

With the 90% capture target always achieved, the resulting values of CO, EI are
presented in Table 6 for each layout for direct comparison with the corresponding levels
without PCC. Figure 17 focuses on decarbonized power plants, in which EI is between
40 and 68 kg/MWh instead of 350-550 kg/MWh. It was verified that EI, defined as the
ratio of CO, mass flow rate at the stack to Pcc , as in [31,32], is consistent with data from
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similar calculations [45]. In all cases, the lower the GT load, the higher the EI, with the most
significant increase in EI occurring at GT loads below 40%. This is due to the CC efficiency
degradation at part load. Since EI is inversely related to nccn, the least-performing IP
case produces the highest EI values, up to 52 kg/MWh at half load. This is followed, with
decreasing EI, by the 2P and 3PRH cases. For the latter, the GT load can be halved while
maintaining the EI within 42 kg/MWh.

Table 6. CO; emission intensity with and without PCC for the investigated NGCC configurations. as
a function of GT load.

3PRH 2P 1P
GT Load (%)
w/oPCC withPCC w/oPCC withPCC w/oPCC withPCC
kg CO,/MWh,
20 450.1 53.2 553.3 67.6 - -
30 401.8 46.4 480.3 56.7 - -
40 382.3 437 4452 51.9 - -
50 369.5 42.1 426.3 494 444.8 52.2
60 361.0 41.1 4124 47.5 431.6 50.4
70 355.0 40.4 402.0 46.2 422.1 49.2
80 351.5 40.0 394.9 453 414.6 48.2
920 350.0 39.9 389.1 447 408.6 474
100 346.1 39.5 382.6 439 403.6 46.8

O, El (kg/MWh,)

20 30 40 50 60 70 80 a0 100
GT load (%)

—m—3PRH ——2P ——1P

Figure 17. CO, emission intensity for 3PRH, 2P and 1P NGCC layouts as a function of GT load.

5. Conclusions

The detrimental effects of 90% amine-based CO, capture on the performance of
three different NGCC power plants with three-, two-, and one-pressure-level HRSG were
estimated through thermodynamic modelling. On the one hand, steam from bottoming
Rankine cycle for solvent regeneration was always available at the condition dictated by
the reboiler regardless of the CC layout and GT load (20% to 100%). On the other hand,
a percentage reduction of 12% in Pcc, and a loss of 7 pp in nccn should be taken into
account, in agreement with [44].

However, GT regulation strategy at part load affects the properties of the exhaust gas
to be treated (temperature, mass flow rate, and CO; concentration) and ultimately the SRD,
which has the greatest effect on the lost power. Therefore, the smallest reduction in Pcc , of
12%, for the 3PRH layout, can be achieved when GT is operated at the lowest (possible)
air—fuel ratio for each load.

Regarding ncc n, although full load is characterized by the highest penalty (from
6.8 to 7.2 pp), considerable levels of loss are still associated with very low loads (from
6.7 to 7.0 pp), whatever the CC configuration. The penalty in ncc decreases when the
efficiency of the topping cycle is higher than that of the bottoming cycle, a condition that



Energies 2024, 17, 3501

16 of 22

occurs in a less complex HRSG configuration. At best, ncc pn loss is about 6.5 pp for the 2P
case, where ngrg exceeds ng in the widest GT load range.
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Abbreviations

CcC Combined cycle

CCs Carbon capture and storage
EI Emission intensity

GT Gas turbine

HP High pressure

HRSG Heat recovery steam generator
IGV Inlet guide vane

P Intermediate pressure

ISO International Standards Organization
LpP Low pressure

MEA Mono-ethanolamine

NG Natural gas

NGCC Natural gas combined cycle
P Power

PCC Post-combustion capture
PP Percentage points

RH Reheat

SRD Specific reboiler duty

ST Steam turbine

TIT Turbine inlet temperature
TOT Turbine outlet temperature
vol By volume

X Molar concentration

wt Weight

A% Percentage difference

m Thermal efficiency

3P Triple-pressure HRSG

2P Double-pressure HRSG

1r Single-pressure HRSG
Subscripts

g gross

n net

R Rankine
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Figure A1. Layout of the NGCC with triple-pressure HRSG: GT and HRSG divided into (a) first and
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Appendix B

For each component, steady-state heat and mass balances were solved based on inputs,
resulting in an algebraic system of equations. Parameters such as pressure, temperature,
enthalpy, and mass flow rate were calculated until their values converge on a final solution,
with a tolerance within 10~#. Power convergence was within 0.01%. Iterations are grouped
into a number of 200 for at least four consecutive loops.

GT models are consistent with vendor information; data sources are as follows:

GE 7E.05: GE GTP Web 4.42.0 (7E.05-1016T-L3) 06/2017.
SGT-800: Siemens SIPEP 5.14.0 (07/2018).
GE 9E.04: GE GTP Web 4.23.0 (9E.04-PRODCAT2016) 04/16.

For steam turbines, the group overall efficiency is computed from the isentropic
efficiency set by the user, in the range from 80% to 92%. This compares the actual enthalpy
change of the steam with the enthalpy change associated with an ideal, reversible (constant
entropy) expansion of the steam from the same inlet state to the same exit pressure.

For any heat exchanger, the total heat transfer rate is given by the product of over-
all heat transfer coefficient, effective surface area, and log mean temperature difference
between the hot and cold fluids. Further details are available in [35].
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