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The Role of Part-Load Control
Strategies in Optimizing the
Efficiency of a Decarhonized
Combined Cycle Power Plant
in Load-Following Mode

In pursuit of the goal of decarbonization, postcombustion capture (PCC) by means of mono-
ethanolamine (MEA), exhaust gas recirculation (EGR), and hydrogen cofiring were applied
to a 2 x 1 combined cycle (CC) under load-following operation in two typical summer/
winter days. Keeping the same electrical demand profiles as in a previous study by the same
author, the main novelty is to determine the part-load gas turbine (GT) control strategy that
can maximize the CC net electric efficiency (ncc,,) when applying different decarbonization
solutions such as: addition of PCC unit and addition of PCC unit with EGR, when the fuel
supply is 100% natural gas (NG) or 65% vol hydrogen cofiring. The multivariable
optimization problem, with ncc,, as objective function, under the constraint of net power
output (Pcc,,) equal to electricity demand, has been updated to include the following
decision variables: load of each GT; EGR rate, depending on the fuel type, i.e., [0, 0.4] for
100% NG versus [0; 0.55] for hydrogen blending; GT inlet air flow and fuel flow, in a range
such that the GT outlet temperature is maintained within the limit of about 50 °C above the
nominal value. The main finding is that the operating guidelines depend not only on the load
but mainly on the environmental conditions. Under hot weather and part-load conditions,
the recommendation is to rely on modulating the air/fuel flow at the GT inlet rather than
applying EGR. [DOI: 10.1115/1.4069449]
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1 Introduction

Research on the most effective control strategy to optimize part-
load performance in conventional heavy-duty combined cycle (CC)
units has been extensively covered in published literature. It is well
known that the available options are “inlet guide vane (IGV)
control” on the one side and “turbine inlet temperature (TIT)/fuel”
control on the other side. In the former case the compressor inlet
airflow is reduced by closing the IGV, with TIT kept almost
constant, thus turbine outlet temperature (TOT) rises. Alternatively,
air flow modulation (and fuel control) can keep TOT nearly constant
at the design value. In the latter case, the fuel flow is regulated at
constant air inlet to reduce TIT, hence TOT. The preferred solution
is “IGV control”: it ensures higher 5cc at part-load because the
improvement in Rankine cycle efficiency (yz) outweighs the
decrease in gas turbine (GT) efficiency (ygt), thus shifting power
production from the topping to the bottoming cycle [1]. Huang et al.
[2] confirmed that IGV plays a role in increasing the steam turbine
(ST) power output and reducing the exhaust heat in the heat recovery
steam generator (HRSG). Muara Karang CC (block 2) was modeled
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in Ref. [3]: IGV position was tracked searching for the maximum
ncc. The improvement over the existing conditions was significant,
up to 1.5% on partial load. Using IGV control to maintain TIT at the
design value and then to keep TOT at its maximum value also proved
beneficial from a broader point of view, including not only
thermodynamic aspects but also economic and environmental
ones [4].

Yang et al. [5] combined this control strategy with compressor
inlet air heating via part of the HRSG exhaust, which resulted in a
further increase in #¢c from 1 to 1.7 percentage points (pp), at CC
load between 45% and 100%. The heated air entering the GT also
increases the HRSG efficiency, according to Wang et al. [6]. In
contrast, fuel consumption drops by 0.02/0.03 kg/s at 65/80% CC
load, respectively, when it comes to the CC system in Tianjin city
(China). Similarly, Varini and Mierka [7] estimated that NG fuel
consumption can decrease by 13 m>/h for each 1 °C increase in GT
inlet air temperature due to the increased ST output, for a given
power demand. Specifically, they referred to an 80 MW CC located
in Slovakia, where a waste heat source is used for controlled heating
of the inlet air. Moon and Kim [8] assumed air recirculation from the
outlet of compressor to its inlet to increase GT inlet temperature.
This was activated in the low load regime to prevent the decrease in
TIT below a specific value. The main achievement was a reduction
in turndown ratio and CO emissions. Fan et al. [9] pointed out that
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GT inlet air heating is more effective at low ambient temperature
(Tamp)- In particular, the optimum compressor inlet temperature
(CIT) at a given gross CC output decreases as T, increases.

Gas turbine inlet conditions can also be changed by reintroducing
exhaust gas at the compressor inlet, with the aim of maintaining high
TOT values at low loads. Jonshagen [10] showed that a 40%
recirculation rate can improve part-load 1cc by as much as 4.1%
keeping CIT below 55 °C. The larger the benefit, the lower the load.
This was confirmed in Ref. [11], where the largest gain in #cc
(4+2.8%) was found at the minimum load (20%). Motamed et al. [12]
very recently proposed a solution to enhance the part-load #cc based
on exhaust gas recirculation (EGR), for offshore power generation.
They demonstrated a 20% and 14% increase in efficiency at part-
loads for single- and two-spool gas turbine, respectively, albeit
assuming a high maximum allowable CIT of 115 °C.

When EGR is integrated with IGV control, 57¢¢ at part-load can be
improved up to 1.2%, according to Liu and Karimi [13], while
reducing CO, emissions and the propensity for NO,, formation. The
combination of both solutions performs better than IGV considered
individually, at 40-90% loads, as deduced in Ref. [14] from an
energy/exergy analysis. However, the potential for performance
enhancement may depend on GT characteristics. In particular,
increments in 1cc are smaller for higher classes, such as H-class,
compared to E- and F-class, due to the narrower load range of EGR
action and deterioration in GT performance [15].

All of the cited studies share the goal of getting the most out of CC
technology while operating at variable loads. This is in line with the
current way CCs are called upon to generate power, under a flexible
operating schedule to complement renewables. The well-known
duck curve is not exclusive to California: it is increasingly occurring
inother U.S. states and around the world, in places where the share of
solar generation is increasing [16]. Flexible generation by conven-
tional power plants, such as CCs, thus becomes even more important
to meet the extreme swing in demand from mid-day to late evening,
when electricity requirement is still high but solar generation has
declined (Fig. 1). Indeed, with the priority given to grid stability, in
some cases solar PV generation needs to be curtailed to reduce the
upward slope during the evening [17]. In fact, the growth of solar and
wind has been based on dispatchable energy, which is mainly
dependent on NG. As an example, in 2023, new NG-fired generation
capacity of 9274 MW was added to the power grid in the U.S., of
which about 80% was CC plants [18]. Their capacity factor, despite
being the highest in the entire CC fleet due to the latest generation
GTs, was only about 66%. The contribution of CCs to the future
energy landscape is also reinforced by the projected growth in global
electricity demand in the coming years due to electrification in both
advanced and emerging economies [19], and electricity consump-
tion by data centers, artificial intelligence, and cryptocurrency
sectors, which often run 24 h a day [20].

If flexibility solutions are a “must do” in CC plants, since most of
the operation takes place at part-load and minimum load (Fig. 2),
decarbonization technologies, on the other hand, are not yet
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Fig. 2 Operating hours of CC power plants by load (source:
Siemens Energy)

receiving sufficient support for widespread implementation, despite
growing knowledge and expertise in pre- and post- removal of CO,.

1.1 Carbon-Free Fuel. The removal of carbon from the fuel
has mainly led to experimentation with hydrogen cofiring as an
initial step in this direction. The shares of hydrogen vary with GT
model: 44% vol for GE LM6000 [21], 20.9% vol for M501G [22],
60% vol for SGTS5-4000F [23,24], and 7EA [25]. These percentages
are increasing year by year and are being tested in an ever-widening
GT load range: SGT-600 was shown to operate reliably with up to
60% vol hydrogen from idle to full load [26]; another GT from the
same manufacturer, SGT-400, was tested in detail with a hydrogen
fraction of 60%—100% vol, over a load range of 30-100% [27].

Another research topic is to retrofit existing GT to burn mixed
fuels without hardware modification. For the F-class DLN
combustors, very recent tests with up to 90% vol hydrogen, spanned
from 30% to 100% load [28]. High-pressure, single-sector
combustor testing of an FT4000 dual-fuel nozzle demonstrated
successful operation on 100% hydrogen fuel with water injection, at
base load [29]. For the entire GT, Harper et al. [30] documented the
behavior of the SGT6-6000G, at base load, with up to 38.8% vol
hydrogen: higher power output and reduced heat rate were found
compared to the case with 100% NG as fuel.

In contrast, technology can be developed specifically to deal with
a highly reactive fuel, such as hydrogen, and solutions differ
depending on the GT manufacturer. Kawasaki established the
“micromix”’ combustor: by combining the advantages of flashback
resistance of a nonpremixed flame and dry low NO, combustion of a
premixed flame, demonstration tests were successful between 50
and 100% vol hydrogen, for the entire load range [31]. Similarly,
Ansaldo has been working on the “BEV” burner, which exploits the
advantages of the previous premix burners “EV” and “AEV”.
Multiple “BEV” burners arranged around a premix axial flow igniter
make up the so-called multiburner first stage. This made it possible
to use hydrogen mixtures from 10 to 100% vol under GT36 high load
conditions [32]. A third-generation dry-low-emission burner was
modified by Siemens to burn 100% hydrogen: the most difficult
problems to address were flashback and associated damage
limitations [33].

Regarding hydrogen cofiring already implemented or planned in
existing or under construction NG power plants in the U.S., Table 1
shows the situation as of October 2024 [34]. Moreover, the Electric
Power Research Institute (EPRI) took stock of lessons learned from
demonstration projects, including:

e 45MW GT operated by New York Power Authority, with
hydrogen blends between 5% and 44% vol;

e 265 MW GT operated by Southern Company, with hydrogen
shares up to 20% vol.

with the goal of outlining and sharing best practices [35].
However, the Institute for Energy Economics and Financial
Analysis highlighted three significant barriers to hydrogen adoption

Transactions of the ASME



Table 1 Hydrogen co-firing projects in the U.S. [34]

NG power plant GT model 9%H, vol
De-Bary GE7E 100
Intermountain power Project MS501JAC 30
Magnolia THA.03 50
Brentwood LM6000 PC 38
Hillabee Energy Center SGT6-6000G 38
Orange County MS501JAC 30
Jack McDonough M501G 20
A.J. Mihm Station THA.02 5

for power generation: lack of supply, lack of pipeline infrastructure,
and lack of storage, as already experienced in GT blending tests
[21,25-27]. In fact, on-site production of green hydrogen using
100% excess electricity from renewable sources is rarely addressed:
assuming the availability of curtailed energy from solar PV and/or
wind turbines, the electrolyzer and hydrogen storage should meet
the needs of the specific GT, as accomplished in the HYFLEX-
POWER project [27]. Nevertheless, the storage can only cover the
operation of the installed GT (SGT400) at full capacity, using pure
hydrogen, for one hour. With 28 h of green hydrogen testing, its
availability is the limit stated by the authors.

1.2 Removal of CO, From the Flue Gas. To provide CO,-
free, dispatchable power, postcombustion carbon capture should be
fully integrated with CC flexible operation. Among the wide range
of postcombustion capture (PCC) technologies, chemical absorp-
tion with amine-based solvents is currently the most widely used on
an industrial scale, offered commercially by several companies at
advanced technology readiness levels of 8-9 [36]. A few modeling
studies showed that part-load operation is compatible with
retrofitting an existing CC with PCC [37], despite some adjustments
to the capture process in terms of liquid-to-gas ratio in the absorber
and specific reboiler duty (SRD) [38,39], fora GT load down to 40%.

A very recent work by GE Vernova addressed the benefits of
combining PCC with EGR, but at full load [40]. First, the flue gas
flowrate sent to PCC is reduced proportionally with the EGR rate,
thus decreasing the size and capex of major PCC components,
including the gas cooler and the absorber. Second, EGR increases
the concentration of CO, in the exhaust gas, thus lowering the PCC
technology risk. It should be remembered that the exhaust gas from
industrial land-based gas turbines may contain 3—4.5% mol CO, at
near-atmospheric pressure, depending on the GT class. Such low
CO, concentrations/partial pressures, caused by the high levels of
excess air required to reduce exhaust temperature after combustion,
result in less efficient capture, higher energy penalty and larger
equipment and ducts than the more established PCC experience in
coal-fired power plants, where CO, content in the flue gas can be as
high as 12-15%. Third, EGR helps to mitigate solvent degradation
related to O, content in exhaust gas. As for the solvent, MEA is the
conventional choice, but alternative blends of methyldiethanol-
amine and piperazine are being studied with the aim of reducing the
thermal energy for the regeneration process, yet increasing the
quality of the steam required [41]. Proprietary solvent formulations
have also been developed with specific CO, capture rates and purity
levels, even higher than 95% and 99.9% vol, respectively [36].

Although some studies have reported scenarios for operational
flexibility of CO, capture plants, including variable ramp rates [42],
GT startup and shutdown [43], there are no full-scale CCs with PCC
in the world to the author’s knowledge, and even pilot-scale PCC
units to test realistic CC exhaust conditions are limited [44].

1.3 Novelty and Goals. In this study, several options for
reducing carbon emissions were applied to a modern CC operating
in load following mode, for given environmental conditions. The
general framework and analyzed pathways, such as hydrogen
cofiring, PCC and EGR, were derived from previous work [45]: each
solution was implemented in the modeling platform with the aim of
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generating carbon-free dispatchable power with maximum effi-
ciency. The main novelty, compared with Ref. [45], is to consider
the GT control strategy at part-load as a decision variable of the
optimization procedure with the CC net thermal efficiency as the
objective function.

In the challenging landscape defined by the energy transition, the
results can help choose the right initiatives for CC decarbonization,
on a quantitative basis. Indeed, a similar approach was proposed in
the literature (i.e., optimization in typical day operation schedule),
but applied to a standard CC with 100% NG as fuel and no concern
about the CO; sent to the stack, thus in a much less complex context
[46,47]. While the few recent works dealing with pre- and post-CO,
removal focus on full load [40,48], in this case, any variation in GT
operating conditions may affect the downstream CO, capture
process, thus highlighting the need for an integrated assessment of
overall performance. It is specified that CO and NO, emissions are
outside the scope of this study.

2 Method and Assumptions

No changes were made to the CC layout compared to Ref. [45], in
order to allow a consistent comparison of the results obtained, under
different scenarios. However, for reader’s convenience, a short
description of both CC power block and PCC unit is provided in this
section; schematic diagrams are available in under Supplemental
Figs. A1-A4 available in the Supplemental Materials on the ASME
Digital Collection. The optimization method is also explained to
point out the original contribution of this work.

2.1 Power Block. A2 x 1 CC was chosen as representative of a
modern power plant (Fig. 3): at design point (ISO conditions), gross
power (Pcc ) and gross efficiency (cc ) of 726.5 MW and 60.1%,
respectively, refer to NG as fuel with and ideal composition of 100%
CH,4 (LHV =50047 kJ/kg). With no CO, capture, Pcc, and cc
decrease to 708.3 MW and 58.6%, respectively. This size is
consistent with the average capacity of 2 x 1 CCs power plants
built after 2015 in the U.S. [49]. The power block includes the
following:

e two GE frame seven gas turbines (GE 7F.05) with hydrogen
capability of up to 65% vol. The nominal gross power of each GT
is Pgr o =239 MW, with a gross efficiency of 1z, = 39.6%.

e one condensing ST with three sections, having a power
capacity of 248.5 MW and group efficiency from 84% to 93%.

Steam is produced by recovering waste heat from the exhaust of
gas turbines: each of the two heat recovery generator units has 3
pressure levels with single reheating. A water-cooled condenser
completes the bottoming cycle. In the standard CC, flue gases
exiting the HRSG at 81.5 °C are sent to the stack: CO, concentration
is 4.18 vol%. Further details on the CC design point can be found in
Ref. [11], Sec. 2 and Supplemental Fig. Al available in the
Supplemental Materials on the ASME Digital Collection.

Conversely, for carbon capture, flue gases pass through the PCC
unit before being discharged into the environment. It consists of a
quencher, an absorber and a stripper column (Fig. 4). A blower
(booster-induced draft fan) is also required to compensate for the
pressure drop through the CO,-removal unit. In addition, five stages
of compression with interstage cooling are needed to pressurize the
captured CO, stream, after dehydration, to 150bar for later
utilization and/or storage. The system boundary of interest only
included CO, compression, not its transport and storage (located in
an off-site area, such as a geologic formation). The target for CO,
removal by amine solution was set at 90%.

Steam for the reboiler comes from the ST upstream of the low-
pressure section: pressure and temperature are regulated by a
throttling valve and attemperator to meet the reboiler requirements
(2.6 bar; 128.7 °C). The nominal SRD is 3.47 MJ/kg CO,: this is a
conservative value, given the progress toward an SRD < 3 MJ/kg
CO,. The condensate from the reboiler, at 1.6 bar (112.7°C), is
returned to the HRSG and mixed with the mainstream entering the
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Fig.3 Simplified layout of the power plant [45]

first economizer. The final CO, concentration in the exhaust is
0.45% vol. The reader is reminded that Ref. [50] contains further
information on the CO, capture process and its integration with the
CC. It is noteworthy that the assumptions made are fully consistent
with Ref. [40], which is a very recent study by a GT manufacturer
(GE Vernova, Cambridge, MA).

When EGR is applied, a fraction of the flue gas recirculates in the
o GT intake system. Cooling and moisture removal are required
) before the exhaust gases are mixed with fresh air to allow the

Flue gasin . ..
; g Stesm CO2 resulting flow to enter the compressor. An additional blower
overcomes the pressure drop in the recirculation path. Once again,

Flue gas out

Absorber

Rich settings are in agreement with the latest theoretical and experimental
Ii@ e Lo sofvent investigations [48,51]. The maximum compressor inlet temperature
(CIT) was defined as 54 °C. The EGR rate is the recirculated exhaust
Fig.4 Schematic process flow diagram of the PCC unit [45] gas mass flowrate divided by the compressor inlet flowrate.

2.2 Optimization Problem: Theoretical Framework. The
(a) ’ —o—winter —o—summer ‘ electricity demand profiles that the decarbonized CC must follow on
700 an hourly basis, are shown in Fig. 5(a). They refer to a typical
summer and winter day, characterized by the T, trend depicted in
Fig. 5(b). They derive from a scenario outlined by the U.S. Energy
Information Administration (EIA) in which the load, excluding
storage, is met by a high fraction of solar power, first, then wind and
hydro [52]; the residual load, net of the substantial contribution of
renewables, is covered by NGCC, nuclear and coal-fired power
plants, in descending order of importance and flexibility (Fig. 6). In
e H: G 04/\ short, the curves in Fig. 5(a) correspond to the blue area in Fig. 6 and
100 T extend between the minimum load of the considered CC, i.e., 20%,
0 i : and the nominal capacity.
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Fig.5 Profiles of (a) electric load and (b) ambient temperature in
winter and summer day [45] Fig. 6 Daily illustrative dispatch [52]

121002-4 / Vol. 147, DECEMBER 2025 Transactions of the ASME



——TIT -—®-TOT —e—inletflow --o--exhaustflow |

1500 , 650

1400 i , 600
o 1300 ' 550 —
O o | w
< 1200 o8 500 B
<. g o
@ 1100 = 9 450 £
3 ]
2 1000 : 40 &
8 g0 |- 350 S
& 800 ‘ 300 2
g 700 T 250 i
F 600 = ———.

500 150

400 100

10 20 30 40 50 60 70 8 90 100

GT load (%)
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Unlike in Ref. [45], the behavior of each GT was subject to
optimization, thus abandoning the strategy suggested by the
manufacturer, in which TOT is maintained at the nominal level
for loads within 30%, as shown in Fig. 7. In fact, TOT only drops
below the rated value (648 °C) when IGV is fully closed and a further
load reduction below 30% is inevitably achieved by significantly
lowering the fuel input, hence TIT.

Alternatively, a user-specified partial load control was adopted in
this work, based on the “XIGV” parameter available in the modeling
software (Thermoflex by Thermoflow Inc. [53]). XIGV varies from
0 to 10 with the following cornerstones:

e when XIGV =0, GT inlet airflow is kept constant whereas TIT
is reduced by lowering the fuel flow. This results in decreasing
TOT with load reduction;

e XIGV =1 isassociated with a reduction in the airflow and TIT/
fuel to maintain TOT at its full-load value (this corresponds to
Fig. 7);

e for XIGV = 10, the inlet airflow is reduced at constant TIT,
thus causing an increase in TOT.

Entries of XIGV between these pivotal values led to the results
illustrated on Fig. 8. It can be seen that GT inlet flow decreases with
GT load: the decreasing slope becomes steeper with increasing XIGV,
within 0 < XIGV <10 (Fig. 8(a)). The reduction of fuel input as a
function of GT load confirms the linear trend, whatever the IGV value
(Fig. 8(b)). Figure 8(c) shows that the part-load behavior always
implies a lower TIT than the rated one (1357 °C) with a minimum of
about 800 °C. The lower the GT load, the lower the TIT, with the rate
of reduction increasing as XIGV decreases. But XIGV has the most
significant impact on TOT, which can vary over a wide range, from
417 t0 920 °C (Fig. 8(d)). However, there is a maximum permissible
TOT that was assumed to be 700 °C within a tolerance of *=1%, i.e.,
about 50 °C above the nominal value [54]. It should also be noted that
“XIGV =17 is a singularity in the model, with behavior that differs
significantly from that with XIGV values close to 1.

For the bottoming cycle and the PCC unit, the part-load control is
set as in Ref. [45]: sliding pressure mode for the HP and IP ST stages,
while for LP stage the inlet pressure is kept constant to meet the
reboiler needs; the energy consumption for the capture process is a
function of CO, concentration in the exhaust gas. In fact, SRD rises
well above the design level if the CO, content falls below 4% vol
while it slowly decreases when the amount of CO, exceeds this
threshold.

2.3 Optimization Problem: Numerical Approach. Steady-
state simulations of the decarbonized CC were performed for the
following scenarios:

(1) PCC unit added to the NGCC;

(2) PCC combined with EGR in the NGCC;

(3) PCC unit added to the CC when a fuel blend with 65% vol
hydrogen is used;

(4) PCC combined with EGR in the CC when the hydrogen share
is 65% vol.

Journal of Engineering for Gas Turbines and Power

In all cases, the “control loop™ algorithm available in Thermoflex
was used to achieve the load following mode while regulating GT
operation via exhaust gas temperature. Specifically, two control
loops, one for each GT, were set to ensure that P, is equal to the
electric demand, within a tolerance of 0.02%. These have the GT
load, between 10 and 100%, as control variable. Moreover, two
additional control loops, one for each GT, were implemented to set
the TOT limit at 700 °C, with “XIGV” as control variable within
0 < XIGV <10. Asexplained in Sec. 2.2, “XIGV” is associated with
airflow modulation and fuel flow adjustment to attain the desired
temperature at the GT outlet. The iterative resolution of mass and
energy balances performed automatically by the code was coupled
with a multivariable optimization to find the maximum #cc . An
external iterative procedure was necessary since, for a given GT
load, every change in XIGV affects Psr, hence Pcc,,. Therefore, a
reasonable value of XIGV was chosen as a first attempt based on
Fig. 8(d) to calculate Pcc ,. If this value turned out to be lower than
the electricity demand, XIGV was reduced to allow more airflow in
the GT, despite alower TOT; conversely, XIGV was increased if the
predicted Pc¢,, was higher than the load.

In cases 2 and 4, the EGR rate was also considered as a decision
variable, subject to the following bounds:

e EGR rate < 0.4 for case 2, to preserve flame stability with pure
NG combustion [55];

e EGR rate < 0.55 for case 4, to take advantage of hydrogen
reactivity [56].

Indeed, the EGR rate was taken into account as an additional
parameter to improve GT operational flexibility, knowing that the
oxygen-depleted air entering the compressor could reduce the
stoichiometric flame temperature (and thus NO, formation). This is
especially important to compensate for hydrogen combustion
properties, despite the increased complexity and costs of the power
plant. For a more in-depth discussion of the EGR effects on GT
operation, the reader is referred to Sec. 1.3 of Ref. [45]. No need for
supplemental oxygen was considered. Values of EGR rate were
defined as the input of series of simulations, with a discretization step
of 0.05: the procedure used the next computed values of n¢c¢, to guide
subsequent iterations in the search for the maximum target value.

Table 2 summarizes the optimization decision variables and their
constraints.

3 Results and Discussion

The results were presented following the order of the cases listed
in Sec. 2.3. First, the NG-fueled CC was taken into account, with the
addition of the capture process first and EGR later. Next, the mixture
of hydrogen and NG was considered as fuel, in combination with
residual CO, removal first and EGR later. Attention was drawn to
the impact of the GT part-load strategy on #¢c ,, taking the results
available in Ref. [45] as a comparison, for each case. In addition, a
broader evaluation of the effectiveness of EGR was provided in the
context of decarbonization under realistic operating conditions. To
close the discussion, some considerations on hydrogen supply and
management of captured CO, were added.

3.1 NGCC With Postcombustion Capture—Case 1. The
lesson learnt from Ref. [45] also applies here. The decarbonized
NGCC adapts its power production to fluctuations in electricity
demand, ensuring the maximum #cc,, provided that one GT
maintains the maximum possible capacity while the other operates
at lower loads (Fig. 9(a)). When the demand for electricity is high
enough, i.e., at night in winter day and in the late evening in summer
day, GT1 works at full capacity while GT2 always works at part-
load, on both days, even during peak demand (h.19). Figure 9(b)
replicates the trend of Fig. 9(a) given the proportionality between
GT load and 757, with corrections dependent on Typp. Both GTs
are characterized by g7, of less than 22% in the duck belly: the
worst condition with #7 , = 14% refers to GT2 when the minimum
load of 10% is combined with the highest T, in 10-14 time slot. In
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contrast, the winter condition allows the GT1 at full load to reach
Ner,e above the nominal value, around 40%. While Figure 9 does not
appear to show any significant change from its counterpart in the
previous work [45], it is Fig. 10 that makes the difference.

The choice of appropriate XIGV allowed TOT to rise above
680 °C, within the maximum threshold of about 705 °C, for most of
the operating hours depicted in Fig. 10(a). Exhaust temperature
values around the nominal level, with variations due to ambient
conditions, are still present because associated with GT operation at
full load: this is the case of GT1 during the hours 18-24, both on
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Fig.9 Profiles of (a) GT load and (b) GT gross efficiency—case 1

summer and winter day. TOT slightly lower than the design point,
reduced to 622 °C, is due to GT load within 90% combined with cold
weather. In this case, XIGV was set to 1: in fact, Fig. 8(d) shows that
increasing XIGV above 1 is not profitable in terms of TOT growth if
the GT load is sufficiently high, i.e., above 80%. In addition, the
reduction of the GT inlet flow would hamper the ability to meet the
load demand.

The corresponding TIT behavior can be deduced from Fig. 10(b).
Values above 1200 °C are maintained most of the time, even when
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Fig. 10 Profiles of GT (a) TOT and (b) TIT—case 1
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Fig. 11 Profiles of (a) thermal efficiency of bottoming Rankine
cycle (1) and (b) ratio of ST gross power to NGCC gross power—
case 1

GT load is halved. But the impact of GT control strategy is more
significant at mid-day, where, although the GT load does not exceed
20%, TIT is still relatively high. Focusing on the extreme GT?2 load
condition, TIT varies around 990 °C from h. 10—14, which is at least
100 °C greater than the results attained in Ref. [45].

The bottoming cycle is also profoundly affected by the part-load
GT control, in a positive way, because the flue gas entering the
HRSG is not only hotter but also reduced in flowrate. This promotes
heat recovery (Fig. 11(a)): in fact, ng is always higher than that
found in Ref. [45], except for a few hours when both GTs reach a
very high load (from h. 18-21 in winter). The resulting gain in #g is
more significant during daylight hours: it peaks at 1.4 pp (at h. 12)
and 3.1 pp (at h. 10) in winter and summer day, respectively. In the
time slot 9-16, the current values of 1%, between 32.4% and 33.1%,
are much greater than the corresponding 757, shown in Fig. 9(b).
This reinforces the role played by the ST in energy production
(Fig. 11(b)), contributing up to 53% in winter and 59% in summer (2
and 4 pp more than in Ref. [45]). This is consistent with what has
been reported in the literature [1-3].

However, the most innovative consequences of the implemented
strategy are reflected in the CO, capture process, which can benefit
from a lower flue gas flowrate to be treated with a slightly higher
CO; concentration (up to 0.8 pp), as a result of the XIGV setting.
Hence, the total electrical power consumption of the PCC unit
(Ppcc) is reduced, compared to Ref. [45], by up to 9% in winter and
16.5% in summer (Fig. 12).

3.2 NGCC With Postcombustion Capture and Exhaust Gas
Recirculation—Case 2. A further step in this direction was taken
by combining the PCC with EGR. The percentage reduction in the
energy used by the capture process, compared with case 1, ranges
from 17 to 35% in winter and 5 to 27% in summer (Fig. 13). This was
achieved by lowering the exhaust flowrate sent to the PCC unit, in
proportion to the EGR rate (see data labels). It should be clarified
that the optimal EGR rate is unchanged from Ref. [45]. It is always
equal to the upper limit (0.4) with the following exceptions dictated
by the need to meet the grid demand:

DECEMBER 2025, Vol. 147 / 121002-7



—a—winter —e—summer

APpcc (%)

1 3 5 7 9 11 13 15 17 19 21 23
Hour

Fig. 12 Profiles of difference in PCC power consumption
compared to Ref. [45]—case 1

[ —a—winter —e—Summer ‘

APpcc (%)

19 21 23

1 3 5 7 9 11 13 15 17
Hour

Fig. 13 Profiles of percentage reduction in PCC power con-
sumption compared to the case without EGR (data labels show
the optimal EGR rate)—case 2 versus 1

e h.19and 21 in winter, when it is slightly lowered to 0.39 and 0.38;
e 11-17 time slot in summer, when it is even lowered to 0.1, to
compensate for the hot weather.

Moreover, CO, concentration in the exhaust is increased by about
2.5%0.2 pp provided EGR is implemented at the highest rate of 0.4,
thereby reducing SRD by about 6-8%.

As regards the effect of EGR on CC thermodynamics, the detailed
dissertation provided in Ref. [50] can be summarized into the
enhanced performance of the bottoming cycle. The growth in #g,
with respect to case 1, is accomplished in both days and any time
(Fig. 14): it falls in the range from 0.24 and 1.35 pp, with a rather
irregular pattern that also depends on the TOT resulting from the
optimization. It is obvious that the smallest Ang of 0.24 occurs at h.
16 on a summer day, due to the lowest EGR rate of 0.1.

The main outcome, i.e., 1jcc ,, can be deduced from Fig. 15 for the
cases with and without EGR (2 versus 1). Also, results from Ref. [45]
were included, for the decarbonized NGCC with PCC. Load-
following dynamics are evident in both days: the lowest values of
e, are computed at daylight hours, with the worst condition taking
place in summer, while values above 47% characterize the rest of both
days. On the one hand, the most efficient CC operation is provided by
case 2, regardless of the day, confirming that adopting EGR is
rewarding. On the other hand, the gain in #c,, that can be obtained
(compared with case 1) seems to be much more significant in winter
than in summer, in agreement with Ref. [45]. In fact, it ranges from 1.2
to 2.2 pp in the cold day, while it remains below 0.9 pp throughout the
hot day, with values even below 0.2 pp in summer daylight hours. In
this time interval, XIGV control (in case 1) is already doing the job of
boosting 17¢c ., as shown in Fig. 15(b), with a growth above the dashed
line that is particularly evident from h. 10 to 14. Instead, the
contribution of EGR becomes noteworthy after h. 18 as demand rises.
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Fig. 14 Profiles of difference in bottoming Rankine cycle
efficiency (15) compared to the case without EGR—case 2 versus 1

3.3 Combined Cycle With Hydrogen Co-Firing, Postcom-
bustion Capture and Exhaust Gas Recirculation—Cases 3
and 4. The main effects of GT control are highlighted in Sec. 3.1
remains even when 65% of hydrogen capacity is simulated. The
profiles of TOT and TIT for each GT on both days are very similar to
those in Fig. 10. However, hydrogen oxidation further concentrates
the exhaust energy into a reduced gas flowrate entering the HRSG,
with a higher specific heat. This further promotes the bottoming
cycle due to higher heat recovery and thus power production from
the ST. Although profiles in Fig. 16 show roughly the same trend as
in Fig. 11, greater values are attained. In fact, 7, is always higher
than 33% and even above 33.5% in the mid-day hours despite
extremely low loads (Fig. 16(a)). The largest gain in 7z, compared
with Ref. [45], is 3.8 pp in summer (at h. 10) and 1.9 pp in winter (at
h.11). The same is true for the fraction of Pc¢ , covered by ST (Fig.
16(b)): itis always above 32% but rises to a peak of 62.5% and even
70% in summer, at h. 11 and 13, respectively.

Another obvious consequence of hydrogen combustion is reducing
the burden of the PCC (by at least 30% compared to case 1), whose
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Fig. 15 Profiles of NGCC net efficiency in (a) winter and (b)
summer day, with and without EGR—cases 1 and 2
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energy use is expected to scale with the load, being proportional to the
exhaust flowrate to being treated. But even more interestingly, XIGV
control can help further reduce Ppcc, compared to Ref. [45], by up to
14% in winter and 22% in summer (Fig. 17). This comes from rising
CO, content by up to 0.5 pp in a reduced amount of flue gas sent to the
PCC unit. This is notable considering the very low concentration of
CO, in the exhaust caused by the partial replacement of NG by
hydrogen: it may drop to nearly 2% vol.

The subsequent addition of EGR led to the same beneficial effects
discussed in Sec. 3.2, but further enhanced by higher EGR values
made possible by hydrogen reactivity. Once again, the optimal EGR
rate was confirmed to be the same as in Ref. [45]. Its dependence on
electrical demand and environmental conditions is as follows:

e it isequal to the upper limit of 0.55 at high loads, regardless of
climate;
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Fig. 17 Profiles of difference in PCC power consumption
compared to Ref. [45]—case 3
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Fig. 18 Profiles of percentage reduction in PCC power con-
sumption compared to the case without EGR (data labels show
the optimal EGR rate)—case 4 versus 3

e atintermediate loads, from h.1 to 7, it is 0.5 in winter and 0.3 in
summer;

e al low loads, it is stable at 0.4 in winter and decreases to 0.1 in
summer to counteract warm weather.

The percentage reduction in Ppcc, compared with case 3, ranges
from 21 to 48% in winter and 7 to 40% in summer (Fig. 18). On both
days, the largest APpcc is obtained in the late evening, when high
loads combine with the maximum EGR rate of 0.55. Furthermore,
CO, levels in the exhaust are estimated to range between 4 and 6%
vol, at EGR rate > 0.3. Accordingly, SRD decreases to nearly 15%.
Moreover, the bottoming cycle gains up to 1.4 pp of 7z when EGR
rate is at the upper limit.

Scenarios with hydrogen cofiring, with and without EGR (4 versus
3), were evaluated in terms of ncc, (Fig. 19). The results of
Ref. [45], related to CC with PCC, were also included. First of all,
case 4 represents the best performing solution: #cc, reaches the
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Fig.19 Profiles of CC net efficiency in (a) winter and (b) summer
day, with and without EGR—cases 3 and 4
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highest values at h. 19-20 in both winter (54.8%) and summer
(53.4%). The worst values, found around noon, of 41.5% and 37.6%
in winter and summer, respectively, are almost 1.5 pp higher than the
corresponding ones in case 2 (see Fig. 15). Second, it is true that
combining EGR with PCC gives the best results, but the gain over
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Fig. 21 Profiles of CO, emission intensity in (a) winter and (b)
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case 3 is appreciable in winter but quite insignificant for most of the
summer day, as already commented on Fig. 15. In fact, EGR causes
anincrease in cc , from 1.2 to 2.2 pp in the cold day, while in the hot
day, an increment of around 1 pp can only be found at h. 18-24.
Third, XIGV control works very well in the duck’s belly, especially
in summer, rising 7jcc,, by up to 2.7 pp around mid-day from the
dashed profile.

3.4 Gas Turbine Control Strategy Versus Exhaust Gas
Recirculation. To unveil the potential of GT regulation by XIGV
and EGR in improving 7¢c ., the difference between the profiles in
Figs. 15 and 19 were arranged in Fig. 20. The top histograms refer to
the case with 100% NG as fuel while the bottom charts are inherent
to the case with hydrogen cofiring. It can be inferred that the trends
associated with each solution, namely, XIGV and EGR, are highly
dependent on environmental conditions.

In the former case, control of GT inlet air and fuel flow gives
its best at intermediate and low loads, in hot weather. Thus duck
belly in the summer day represents the most suitable condition for its
application, which leads to the largest gain in #cc, of more than
2 pp. When comparing Figs. 20(b) and 20(d), with a focus on
middle hours of the day, case 4 is even better than case 2 due to a
reduced amount of GT exhaust resulting from hydrogen
combustion.

In the latter case, EGR can be exploited to the full in cold weather,
thus taking advantage of the increased CIT. On winter day, EGR
brings the largest increase in #cc, in case 4 (Fig. 20(c)) by applying
the maximum EGR rate enabled by hydrogen. Conversely, warm
weather dramatically weakens EGR, whose contribution remains
quite significant only at high loads.

3.5 Final Overview. The proposed scenarios led to the CO,
emission intensity (EI) values shown in Fig. 21. These depend on the
load, being inversely related to ncc .. Therefore, all profiles show a
hump during daylight hours, with the worst condition in each case
occurring on the summer day. Case 4 was confirmed to provide the
lowest EI, as in Ref. [45], ranging from 23 to 34kg/MWh,,.
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Table 3 Flue gas composition at PCC unit inlet

Table5 Carbon footprint of hydrogen production pathways [60]

H, production route CO, emission index kg CO,-eq/kg H,

Winter day Summer day
Mol % COZ 02 C02 02
Case 1 3.4-42 11.6-13.3 3.2-4.1 11.5-13.4
Case 2 5.7-6.8 5.9-8.4 3.8-6.6 5.9-11.9
Case 3 22-27 11.9-13.5 2.1-2.6 11.9-13.7
Case 4 3.6-5.8 2.0-8.9 24-5.6 2.3-12.3

Decarbonization due to hydrogen-enriched fuel at 65% vol is clearly
evident, as EI decreases by about 38% in cases 3 and 4, compared
with the corresponding cases 1 and 2, respectively. The application
of EGR, regardless of fuel, resulted in a percentage reduction in EI of
2.7% and 5.6% at best in summer and winter, respectively.

In addition, the influence of EGR is felt on the composition of the
exhaust gas entering the PCC unit, to an extent that depends on the
optimal EGR rate. Table 3 summarizes the ranges for CO, and O,
content, for each case and day. As expected, CO, fraction rises at the
expense of O, content when EGR is used (cases 2 and 4), with the
largest value being 6.8% and 5.8%, respectively. This is particularly
important to compensate for the CO, dilution effect caused by
hydrogen, as reflected by the lowest CO, percentages in case 3. The
residual O, concentration is always above 5.9% when using pure NG
(case 2), but the minimum threshold drops to 2% when cofiring
hydrogen (case 4), at the highest possible EGR rate of 0.55. In
contrast, the maximum O, availability is slightly higher in case 4 than
in case 2, as an effect of hydrogen combustion [11]: it is 8.9% in the
winter day, because the minimum EGR rate is 0.38, while it reaches
12.3% in the summer day, when the EGR rate falls down to 0.1.

It should be noted that the technical feasibility of EGR with NG as
fuel has been demonstrated by GT manufacturers over the years,
with rates up to 40% and CO, levels at the combustor outlet of about
8% vol [57-59]. Specifically, for GE-7F gas turbine model, tests
confirmed the expected benefits of EGR discussed in Sec. 1.2, with
an oxygen limit of about 7% vol in flue gas fed to the PCC unit [51],
in line with case 2. For lower oxygen levels, such as those in case 4,
the rationale is that hydrogen can mitigate the risk of flame
instability and blow-out associated with elevated combustion
dynamics (pressure fluctuations), provided the combustor has a
flexible enough configuration, but experimental evidence is lacking
(as far as the author is aware).

Pushing the GT technology to these limits would save energy
consumption for CO, capture. As indicated in Table 4, case 4 has the
smallest Ppcc, with the upper end of the range much lower than case
3, due to EGR, for roughly the same amount of CO, captured.
Compared with case 2, the reduction in Ppc is significant, ranging
from 33% to 46%, despite the higher SRD values caused by CO,
dilution due to hydrogen cofiring.

Focusing on case 4, the documented results in terms of highest
Nce,, and lowest EI come from hydrogen supply, with flow rates
between 1.03 and 3.37 kg/s. Depending on the primary energy and
production pathway, Table 5 roughly estimates the carbon footprint
of hydrogen at consumption gate. When fossil fuels are used,
upstream and midstream emissions are included in addition to direct
emissions, as recommended by the International Partnership for
Hydrogen and Fuel Cells in the Economy [60]. It was verified that

Green hydrogen 0
Unabated NG 10-14
NG with 90% capture 0.8-6
Unabated coal gasification 23-26
Coal gasification with 90% capture 3-6

CO, emissions due to hydrogen supply do not exceed the CO,
savings of case 4 provided that carbon capture is applied to the
production process, be it steam methane reforming or coal
gasification.

On the other hand, the captured CO, at high pressure is available
for the next steps, i.e., transport and storage at an appropriate site.
The point is that the entire CO, chain must not cause more emissions
than it stores. Given the little operational experience, the life cycle
assessment proposed by Burger et al. [61] was taken as a reference.
Under the assumptions of:

e amine-based capture process with 90% capture rate (as in this
study),

e CO, compression and conditioning to remove impurities
(water and oxygen),

e temporary storage at the emitter site and loading to stand-
ardized cargo container,

e batch-wise transport to the permanent storage by ships, barges,
trains, and trucks, the climate benefit was confirmed for all
cases, since the overall CO, avoidance efficiency lies between
50 and 70%.

4 Conclusion

Steady-state, thermodynamic simulations of a realistic 2 x 1 CC
operating in a load-following mode were performed to maximize net
thermal efficiency when applying different decarbonization sol-
utions based on PCC, EGR and hydrogen-cofiring. The considered
scenarios included the addition of PCC with/without EGR, with
standard (100% NG) or hydrogen-enriched (65% vol) fuel. For each
GT, a part-load control strategy based on modulation of intake air
and fuel flow was implemented, setting an exhaust temperature
50 °C higher than the nominal value as a target. Additional decision
variables in the optimization procedure were GT load and EGR rate,
with the latter limited to 0.4 and 0.55, for pure NG and hydrogen
blending, respectively.

The GT control strategy succeeded in increasing TOT within the
prescribed limit while meeting the electricity demand. As a result, a
reduced amount of hotter exhaust gas, with higher CO, concen-
tration is sent first to the HRSG and then to the PCC unit, with the
following consequences:

e the bottoming Rankine cycle efficiency increases due to higher
heat recovery and thus greater power production by the steam
turbine;

e the power consumption of the capture process is reduced.

On the one side, the integration of EGR with PCC was confirmed
to be the most efficient solution to provide clean, dispatchable
power, whatever the fuel, in full agreement with Ref. [45]. On the

Table 4 Captured CO,, energy consumption of PCC unit, and specific reboiler duty

Winter day Summer day
Case CO; (kg/s) Ppcc (MW) SRD (MJ/kgco2) CO; (kg/s) Ppcec (MW) SRD (MJ/kgco2)
1 23-61 10-38 3.46-3.61 18-48 7-26 3.48-3.66
2 22-59 8-25 3.27-3.33 18-47 7-19 3.28-3.53
3 14-38 6-26 3.874.12 11-30 5-18 3.92-4.22
4 14-36 5-15 3.32-3.57 11-29 4-11 3.33-4.02
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other hand, the beneficial effects of EGR are less significant in hot
weather and become negligible when high ambient temperature is
combined with low loads. Under these conditions, the proposed GT
control strategy proved to be very effective in boosting #cc,, while
also requiring a much simpler implementation than EGR. This is
even more true in case of hydrogen cofiring.

Further research could deepen the rethinking of part-load GT
control from a perspective of integration with PCC, adopting not
only compressor variable inlet guide vanes but also variable area
nozzles of the power turbine. In addition, GTs of different classes
could be considered for inclusion in a decarbonized CC with single/
double/triple pressure HRSG [62], with the understanding that the
air-fuel ratio may contribute to CO, concentration in the exhaust,
whatever the layout.

Nomenclature

EI = emission intensity, kg/J
h = enthalpy, J/kg
LHV = lower heating value, J/kg
m = mass flow rate, kg/s
p = pressure, Pa
P = power, J/s
SRD = specific reboiler duty, J/kg
T = temperature, K
vol = by volume, %
n = thermal efficiency, %

Subscripts
amb = ambient
g = gross
n = net
R = Rankine
Abbreviations

CC = combined cycle
CIT = compressor inlet temperature
DLE = dry low emission
DLN = dry low NOx
EGR = exhaust gas recirculation
EIA = Energy Information Administration
GT = gas turbine
HP = high pressure
HRSG = heat recovery steam generator
IGV = inlet guide vane
IP = intermediate pressure
LP = low pressure
MEA = mono-ethanolamine
NG = natural gas
PCC = postcombustion capture
pp = percentage points
ST = steam turbine
TIT = turbine inlet temperature
TOT = turbine outlet temperature
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