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ARTICLE INFO ABSTRACT
Keywords: Using pure hydrogen (Hy) or mixtures of Hy and natural gas in gas-fired power plants represents a
Hydrogen viable route to decarbonize electric power generation. This study models a system designed to

Natural gas
Gas turbine
Advanced exergy analysis

cool the air at the compressor inlet to 8.8 °C, achieve a flue gas oxygen percentage of 11.46 %,
and produce 44.4 MW with a fuel mix ranging from 0 to 100 % Hj operating in tropical climates,
where temperatures exceed 30 °C and relative humidity exceeds 80 %. The analysis is based on
energy, exergy, and exergoeconomic balance to obtain performance indicators that characterize
plant operations. The results show that with 100 % Hj, the PCI increases by 144 % compared to
100 % natural gas. Furthermore, the energy analysis indicates that for every 10 % volume in-
crease in the Hj fuel mix, the CO; concentration decreased by 34 kg/m3, the NOx concentration
increased by 1 kg/m® the dew point temperature increased by 0.5 °C, the energy efficiency
improved by 4.5 percentage points, the heat rate decreased by 7 %, and the specific fuel con-
sumption decreased by 8.5 %. Furthermore, the total exergy destruction increased by 14.83 %,
and the total exergy efficiency decreased by 2.7 percentage points. The exergoeconomic analysis
shows that the specific cost of electric energy per GJ decreases by 10 % for Hy contents higher
than 80 % by volume. This work demonstrates that generating energy from gas turbine power
plants with lower CO, equivalent emissions is possible. On the other hand, the effects of moisture
content in exhaust gases and NOyx are known due to the greater presence of Hy and higher
temperature combustion.

1. Introduction

According to IEA 2023 [1], global energy consumption continues to increase due to technological advances, population growth,
and industrialization. Currently, natural gas, coal, and oil contribute around 80 % of the world’s energy requirements, which increases
greenhouse gases (GHG) [2]. This increasing demand highlights the necessity to investigate additional renewable energy sources to
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reduce the environmental effects of fossil fuels and address climate change [3]. To achieve this, the power sector must be decarbonized
entirely by mid-century. Approximately two-thirds of GHG emissions stem from energy production and use, making transitioning from
fossil fuels to power generation crucial for reducing emissions [4]. Hydrogen has emerged as a promising energy carrier that could play
a critical role in decarbonizing difficult-to-reduce sectors, such as peak electricity production, industrial heating, and transportation
[5]. Blending hydrogen and natural gas in gas-fired power plants could be a viable strategy for decarbonizing the electricity sector. This
method utilizes existing infrastructure and has the potential to significantly reduce carbon emissions. However, the effectiveness and
practicality of this solution remain uncertain and require further research and development to fully assess its impact and feasibility in
the transition to sustainable energy systems. Different authors have used various methodologies to study the performance of gas
turbines fed with natural gas and H, mixtures. Gaeta A. et al. [6] used dynamic mathematical models coupled with operating con-
ditions such as mechanical power, H, fraction ambient temperature, and electrical machine efficiency. Meziane S. and Betebbiche A
[7]1 conducted a numerical study of gas-Hy fuel mixtures in a micro gas turbine’s RQL combustion chamber. Marin G.E. et al. [8]
simulated the installation and operation of a thermal power plant gas turbine with an Hy fuel production system. The fuel used was a
mixture of 5 % Hj and 95 % natural gas, and they concluded that few modifications are required in the gas turbine design.

On the other hand, in the study developed by Oberg et al. [9], they suggest that the use of the turbine is more competitive in the
operation of the combined cycle because it is capable of operating with 100 % H2. Likewise, they conclude that in wind generation
systems, the gas turbine with H2 works better than in solar systems because there are fewer fluctuations during the generation of
electric energy, so it has a longer duration.

The research conducted by Banihabib R. et al. [10] demonstrated that in a hydrogen gas turbine operating on 100 % hydrogen, only
62 PPM was produced under standard conditions, which included 15 % reference oxygen in the exhaust gas. However, the authors did
not address the economic implications of using hydrogen as fuel in their study.

Furthermore, numerical simulations conducted by Tamang and Park [11] indicate that mixing propane with hydrogen in a
combustion chamber leads to an increase in flame temperature while simultaneously reducing CO and CO5 emissions. These findings
align with results from the study by Benaissa et al. [12]. However, the analysis does not address how the rise in flame temperature
affects nitrous oxide (NOx) emissions.

Pashchenko [13] analyzes a combined cycle power plant operating with different amounts of fuel mixture and Hy to analyze the
influence of Hy content on carbon dioxide emissions and the energy efficiency of the process. Where Hy was obtained from two
processes: 1) methane dilution and 2) steam methane reforming. When hydrogen obtained by methane dilution is used, a decrease in
carbon dioxide emissions is observed. In this case, Hy-rich fuel with 20, 50, and 75 % by volume reduces CO2 emissions by 7.2, 23.5,
and 51.1 %, respectively. This data underscores the potential of hydrogen content to significantly reduce CO» emissions, offering hope
for the future of energy efficiency. Similarly, when hydrogen is used from steam methane reforming, a substantial reduction in CO3
emissions of 27 % is observed when methane is completely reformed.

The results of the studies by Olaniyi O. et al. [14] show a reduction in carbon emissions and an increase in energy efficiency when
using hydrogen fuel to generate energy. In turn, NOx emissions increased along with a 16 % increase in the volumetric flow of the fuel
when the hydrogen content was 20 %. The authors also observed that the mixture of hydrogen and natural gas influences the levelized
cost of the fuel. Finally, the main advantage from an economic point of view when using hydrogen as fuel depends mainly on its price
difference from that of natural gas. These findings open up avenues for further research and exploration in the field of hydrogen fuel.

Regarding the use of gas turbines for the generation of energy through mixtures of natural gas and hydrogen, Incer-Valverde et al.
[15] economically evaluate a cogeneration plant to regasify liquid hydrogen. Their process, consisting of two central systems: Open
cycle gas turbine and Closed cycle gas turbine with helium, underscores the importance of your role in furthering this research. They
conclude that the expander is the component that represents the highest cost of the equipment, followed by the turbomachinery and
the cryogenic H; regasified. For their part, Skabelund et al. [16] conclude that incorporating H influences the performance of a
process, the emissions, and the combustion kinetics of a simulated plant that uses a gas turbine.

Koc Y. et al. [17] evaluated the energy production and the thermal and exergy efficiencies of simple cycles and heat recovery cycles
operating with gas turbines that produce 50 MW at 450 °C. The fuel used in both cycles consists of natural gas and hydrogen. The
results suggest that the heat recovery cycle is more efficient than the simple cycle at 18 bar using both natural gas and hydrogen. On the
other hand, the efficiency of the simple cycle is higher than that of the heat recovery cycle at pressures higher than 18 bar because the
compressor outlet temperature is higher than the turbine outlet temperature. The authors conclude that in terms of execution,
environmental impact, and CO, emissions, gas turbine cycles with Hy perform better than natural gas, offering a promising solution for
reducing carbon emissions. In turn, hydrogen and natural gas costs were 0.345 $/kWh and 0.075 $/kWh, respectively at 20 bar. At 4
bar, the simple cycle costs were $0.322/kWh and $0.071/kWh.

In this study, we use various mixtures of hydrogen (H») and natural gas as fuels to analyze their effects on CO5 and NOx emissions,
gas temperature, and energy variables, including conventional and advanced exergetic. The electric power production is set at 44,448
kW with a 3 % oxygen content in the exhaust gases for all the evaluated mixtures.

This paper is structured into four sections. The first section offers background information and outlines the scope of the work.
Section 2 details the configuration of the gas power stig cycle and air cooling and the methodology used, including the thermodynamic
model, energy analysis, exergy analysis and exergoeconomic analysis by Mixtures of Natural Gas and Hj. Section 3 discusses the
research findings and key results from energy analysis, exergy analysis and exergoeconomic analysis. The final section presents
conclusions and recommendations for future research. Understanding the influence of H, and natural gas mixtures on the works of gas
turbine power generation systems is crucial for implementing these fuels in the decarbonization process of electrical energy gener-
ation. The importance of this work lies in showing the economic, energy, and environmental effects of using hydrogen and natural gas
blends in gas turbine and STIG cycle generation plants in tropical climates with high temperatures and high relative humidity.
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2. Materials and methods

This section describes the electrical energy generation system, which utilizes Steam-injected gas turbine (Stig) cycles and in-
corporates air cooling at the compressor inlet. It also includes energy, exergy, and exergoeconomic analyses. The Stig cycle utilizes
high-temperature exhaust gases to produce high-pressure steam, which is then injected into the gas turbine’s combustion chamber.
This cycle offers a straightforward and effective method for enhancing efficiency and increasing power output, particularly for mid-
sized plants with power ranges between 1 and 50 MW. Under certain conditions, the performance of the Stig cycle can surpass that of
combined cycles, yielding higher specific work and improved efficiency [18].

The air-cooled Stig cycle gas turbine system is shown in Fig. 1. The system comprises a General Electric LM5000 series gas turbine
generator, a two-stage pressurized heat recovery steam generator (HRSG), and an air-cooling system comprising two compression
refrigeration machines (CH1 and CH2). These machines are configured in series for the evaporators and in parallel for the condensers,
allowing the air-cooling temperature to be 8.8 °C. This is the operating condition of the plant studied in this work. The weather
conditions reach an average temperature of 32 °C and 80 % relative humidity in the geographical location of the generation plant [13].

Fig. 2 shows the flow chart for carrying out the exergoeconomic analysis of the power generation plant in this study. This diagram
shows the stages of the calculations developed from each plant component’s mass and energy balances.

2.1. Properties of the natural gas and H, fuel mix
The fuel’s principal properties are the mixture’s molecular weight of the mixture, the lower heating value, the higher heating value,

the Wobbe index, and the specific gravity of the mixture. The molecular weight, the lower heating value, and the higher heating value
are calculated using Equation (1), Equation (2), and Equation (3), respectively [19].

MWyix =y _fo MW, ey
LHVye= Y _ fyi*LHV; (2)
HHVpi = Y _ fy*HHV; (3)

Where fv;, MW;, HHV; and LHV; represents volumetric fractions, molecular weight, higher heating value, and lower heating value of
the fuel mixture, respectively.

Besides, Equation (4) and Equation (5) calculate the specific gravity of the mixture and the Wobbe index, respectively. Where MW;
corresponds to the molecular weight of air.
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Fig. 1. Diagram of a gas turbine with a Stig cycle and air cooling with a compression refrigeration system.
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Fig. 2. Flowchart for the exergoeconomic analysis of a gas power cycle using mixtures of hydrogen and natural gas with the Stig cycle and
air cooling.
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2.2. Combustion analysis

The combustion equation for fuel with humid air (Equation (6)) and the enthalpy calculation for this fuel (Equation (7)) are shown
below:

<fviGNCxHy + fviH2H2> +2a(03 + 3, 76N3) + (Aaw + niyoy )H20 — aCO, + bCO + cH,0 + dO, + eN;, + fNO (6)
Hpyo = fvignHe,n, + fVin, Hu, )
Where CyH,, fvign, fviy, represents the mixture of GN, and the volumetrics fractions of GN and Hp, respectively. Besides, a, b, c, d, e,

and f represent the moles of CO2, CO, Oz, N2, and NO present in the exhaust gases. Additionally, the chemical equilibrium equations for
dissociation are represented by Equations (8) and (9):

1
CO; - 502 + CO 8
1 1
QNZ + 502 —-NO 9

Moreover, Equations (10) and (11) shows the gravimetric humidity and moles of NOx vapor, respectively.

M
@=1.6080 (#) (10)
-Air
Mo, MWy (M01H20>
Nno, = — an
N T M MWiyo  \Molgy,

Where o, Moy, Mpet, MWy and MWy, represents specific air humidity, mass flow of NOx, mixed fuel mass flow, mixed fuel mo-
lecular weight, and molecular weight of the humidity. Then, the balance of C, H, O, and N are represented by equations (12)-(15):

Balance of C fvigyx —>a+b (12)
Balance of H (fviGNy + 2fViH2) +2(law + nyoy ) —>2c (13)
Balance of O 2al+ (aAw +nyo,) > 2a+b+c+2d + f (14)
Balance of N 2aA(3.76) - 2e + f (15)
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Equations (16) and (17) show the equilibrium constants for the ideal gas mixture, while equations (18) and (19) represent the
simultaneous formation equations [19].

bVeo V02
Kpco, =T (16)
VNno
KPNOZW (17)
—AGisso (Tprod)
In(Kpeo) = —— 201 (18)
(Keco) R Torog
—AGissy, (T,
In(Kpno) = —20no Trma) (19)
RuTPrad

in the combustion chamber’s mass balance analysis, we examine the air-fuel ratio, air-vapor ratio, and exhaust gas mass flow. These
values are calculated using Equation (20), Equation (21), and Equation (22), respectively [20].

m ar 0</1Moz + 3.760<ﬂan + 0</1QMH20

AFR=— (20)
Mfyel MWyl
SAR = M 21)
Mry air
. . 1
Mgases = Mary air (1 tot et SAR(CDP + NOX)> (kg /s) (22)

Where m gir, «, A, M2, Msteam; Mdry air T€Presents air mass flow, stoichiometric mole of air, air excess, Ny molecular weight, steam mass
flow, and dry air mass flow, respectively.

2.3. Thermodynamic model and energy analysis

The thermodynamic model we use, based on the work of Barreto et al. [21], is applied under the assumption of steady operation of
system components. The energy indicators, derived from the first law of thermodynamics and mass balance, are detailed below. These
indicators are instrumental in evaluating the plant’s operation and performance, even under the challenging and variable conditions of
the real atmosphere.

The electrical power generated by the power plant (P,,.) is calculated by multiplying the generator’s efficiency (nge) by the net
power output (Wye.), as shown in Equation (23). The net power output (W), in turn, is determined by subtracting the work consumed
by the compressor from the work produced by the turbine.

PElect =TNgen X (WNet) (MW) (23)

Then, the energy efficiency (177) of a power plant with gas turbines is obtained with Equation (24).

P, elect

=— < 100 (% (24)
Myyer X LHVﬁlel ( )

N

On the other hand, the amount of thermal energy supplied by the fuel needed to generate 1 kW-hour (kWh) of electrical energy is

referred to as the heat rate (HR). This metric also serves as an indicator of the plant’s performance and is calculated using equation
(25).

HR (25)

_ 3600 x Tflfuel X LHVfuel kJ
B . kWh

P, Elect

Additionally, the fuel required to generate 1 kW-hour (kWh) of electrical energy is represented by the specific fuel consumption
(SFC) calculated using Equation (26).

3600 x Tflfuel < kg >
SFC=——7F7——"— — 26
P, Elect kwWh ( )

In the exhaust gasses, the most important pollutants studied are concentrations of CO, and NO. These are obtained using Equations
(27) and (28), respectively:

Ceoz = (%) X fvcoz (g/m®) (27)

Gases
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Cno = (%WNO> X funo (g / m?) (28)

Gases

Where MWco2, MWno, VGasess fVcoz, and fvyo are CO2 molecular weight, NO molecular weight, volume of gases, and volumetrics
fractions of NO and CO2, respectively.

2.4. Exergetic analysis

In this section, we determine the parameters for exergy analysis. Exergy represents the maximum work potential obtainable from a
specific quantity of energy in a given state. It is defined by Equation (29).

= + et 29)

Where e and el are the specific physical exergy and the chemical exergy, respectively.

The specific exergy is determined from the sum of the specific physical exergy plus the specific chemical exergy. It is important to
note that the specific physical exergy of a substance is determined using Equation (30), while the specific physical exergy of a gas
mixture is determined from Equation (31). Moreover, Cpj described in Equation (32) represents the specific heat of each gas mixture
component.

Table 1
Determination of product exergy and fuel exergy of each component of the power production plant with Stig
cycle and air cooling.

Component Fuel exergy and product exergy definition
CCoil Ep = Musess — areq

Ep = n"llel — mZez
LPC Ep = Wipc

Ep = mses — myey
HPC Er = Wapc

Ep = mges — maes
cc Ep = mhoeg

Ep = mges — mses — Mizenn
GT Ep = mgeg + Miserz — mye;

Ep = Wer
Gen Er = Wiee

EP = PElecl
HRSG Ep = mize; — miges

Ep = tiuzers — Muse1s + Misers — Migeis + Mizey — Migeis + Migee — Mageso
MuUP Er = Wuup

Ep = mgers — nuoerg
FDP Er = Wipp

Ep = moen — Mzien
CcT Ep = nipzezn — mpzeas

Ep = tiizohzo — fitzohzg + Wian
Pcond Ep = Wpcona

Ep = niggens — Mazens
CChl Er = Weem

EP = M31e31 — M3q€34
CondChl Ep = ms1e31 — mazesn

Ep = mgens — Nitzsess
TVCH1 Ep = magess

Ep = mzess
EvapChl Ep = Mses0 — Msgeso

EP = M3qe34 — M33e€33
CCh2 Er = Woon

EP = M3se3s — Magess
CondCh2 Ep = Masess — Magese

Ep = mpgess — niyren;
TVCh2 Ep = masess

EP = Mzzes;
EvapCh2 Ep = rig1eq1 — Tigoeqo

Ep = mhggess — mazesy
Pevap Er = Wrerap

Ep = Mgoesg — Mazesr
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e,fH:hfhofTo(S*SQ) (30)
1 T p

oo fenn(l) m(3))

Cox= > fiCoi (32)

Where fv; and Cp; represent volumetric fractions and specific heat value of each component, respectively, then, P, h, s and , T represent
pressure, specific enthalpy, specific entropy, and temperature, respectively. Then, hy, Ty, Py, and s, represent pressure, specific
enthalpy, specific entropy, and temperature, of the dead state respectively. Moreover, M and R are molecular weight and universal gas
constant of each component, respectively.

On the other hand, from Equation (33), it is possible to determine the specific chemical exergy of the gas mixture [22]. In turn,
Equation (34) determines the specific chemical exergy of the fuel [23]. The variables MWk, x, and y represent the molecular weight,
carbon moles, and hydrogen moles in the fuel mixture.

1
CH _ oCH ' .

=i (fvlel +RTo > i In(fvy) ) (33)
et x 0.0698

[y =/r = 1,033+ 001697 (34)

The exergy balance and efficiency are determined using Equations (35) and (36). The variables Eg, Epx, and Ep represent the fuel
exergy, product exergy, and destroyed exergy, respectively. Additionally, Table 1 presents the calculation of fuel and product exergy
for each component of the plant.

Epx=FEpx — Epk (35)
E

e ==X x 100 (%) (36)
Epg

2.5. Exergoeconomic analysis

The variables necessary for the development of the exergoeconomic analysis are determined below. In this context, the cost balance

isrepresented by Equation (37) [24]. The terms Cp, Cpx, and Z',fm represent the cost of the product, the cost of fuel, and the investment
cost rate and are determined by Equations (38)-(40), respectively.

Cox=Cee+ 2" () 37
Coi=coabip (%) (38)
Cri =ik (%) (39)
7=z 70 () (40)

Then, Z; and Zﬁ” represent the investment cost and supply investment cost, which are calculated by Equations (41) and (42) [24].
The terms PECy, i, ny, RTY, ¢, and C},, represent the equipment purchase costs, investment return percentage, labor hours, operation
and maintenance cost rate, and raw water or coolant supply costs, respectively. Moreover, Cpx and Cry represent cost of product and

cost of fuel, respectively. The cost functions used to calculate the PEC; of plant components are detailed in Table 10.

 PEG L"{%?)i’l }tp $
k= ""3600(RTY) (E) (41)
C PEC; $
ZSU — tot- e 2
k" 3600(RTY) 3 PECy (h) (42)

The other variables considered in developing the exergoeconomic analysis include the cost rate of exergy destruction (Equation
(43)), the relative cost difference (Equation (44)), and the exergoeconomic factor (Equation (45)) [1,24,25]. In this context, the
relative cost difference indicates the relative increase in cost per unit of exergy between the input and output flows of each component
[25]. Meanwhile, the exergoeconomic factor illustrates the contribution of non-exergy costs to the overall increase in total cost [1].
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Cp = crxipx ($/h) (43)
re=Pk "k L 100 (%) (44)
Crk
7
=%k %100 (% 45
fe 7+ Co X (%) (45)

Finally, Table 2 shows the cost balances applied to each component together with their auxiliary equations. The auxiliary equations

of each component depend on their configuration and are obtained from the equations developed by S.C. Obiora et al. [4].

It is important to note that the Supplementary Material outlines the algorithm developed in EES, which includes all the equations

for the energy, exergetic, and exergoeconomic variables used in this study.

3. Results and discussion

In this section, the results of the thermodynamic model applied to the gas turbine power plant with Stig cycle and air cooling at the

compressor inlet will be shown and discussed. Subsequently, energy, energy, exergy, and exergoeconomic analyses will be conducted.
In this context, the objective of the thermodynamic model developed at EES was to calculate the properties of each of the process
streams. The results, as shown in Table 3, confirm the model’s successful fit to the output power and energy efficiency parameters, with
an error of less than 5 %, instilling confidence in its performance.

Table 2
Exergoeconomic cost balance determination for each plant component and auxiliary equations.
Component Costs balance and auxiliary equations
CCoil Ciz— Ca =C1— Ca+ Zeco
¢ =0,c2 =cCaqn
LPC C3—Cy = CWM + Zipc
HPC Ci—C3 = CWu»c + Zupc
Air humidifier Cs = C4+ Cio
% _ C4 + ClO
Es  E4+Ep
cc Cs— Cs— C11 =Co+ Zoc
GT Ciiyr = Co + Cr2 — G + Zer
Q o CG + Clz
E;  Eg+En
Gen Cpmm = CWN&L + ZGen
HRSG C13 - C'14 + C15 — Clﬁ + C17 — C18 + C19 — Czo = C7 — Cg + ZHRSG
[
Es B

C14 =C16 = C17
Ci3—Ciy _Cis—Cis _C1i7 —Cig _ C19 —Cxo
Ei3 —Eis  Eis —Eie  Ei7 —Eig Ei9 —Ex

MuP Cis — C1o = Cyyy,,, + Zuvp
FDP Co2— Co1 = Cyy,, + Zrpp
CcT Ca3 — C3y = C3p— Cao + Cwm + Zer
C9 =0
Pcond Cog— Cos = CWM a1 Zpcona
c3 =0
CCh1 Ca1 — Caq = Cy, + Zeem
C34 = 0
CondCh1l Ca6 — Cas = Ca1 — Caa + Zeondcm
TVCH1 Cs3 = Cs2 + Zryem
EvapChl C34 — C33 = C39 — Cs40 + ZEvapChl
C34 = C33
CCh2 Css — C3s = Gy, + Zocuz
cg =0
CondCh2 Czs — Cz7 = Css - Css + ZCondChl
TVCh2 Cs7 = Cs6 + Zrvenz
EvapCh2 C37 — C3g = Ca1 — Ca0 + Zpyapcn2
C3g = C37
Peyap Cs9 — Caz = Gy, + Zrovap
ca2 =0




J. Fajardo Cuadro et al. Heliyon 10 (2024) e40250

3.1. Properties of gas natural and hydrogen mixtures

In relation to assessing fuel properties, Table 4 presents the volumetric composition of the natural gas mixture. Additionally,
Table 5 displays the high heating value (HHV), molecular weight (MW), Wobbe index (W;), and specific gravity (SG) of the mixture of
hydrogen and natural gas. Among the analyses, the loss of molecular weight of the mixture is observed, going from 16.4 kg/kmol when
the fuel is 100 % natural gas to 2.0 kg/kmol when the fuel is 100 % Hy. When reviewing the effects of increasing Hj in the mixture, we
found that the HHV increases by 50 % of its value compared to that corresponding to 100 % natural gas from Hy contents greater than
80 %, but when going from 90 to 100 % Hj, the increase in this value is 160 %. Furthermore, the Wobbe index of the fuel mixture
remains within the classification limits of natural gas for all Hy proportions under study [26].

3.2. Combustion analysis results

The environmental analysis results of the combustion products are shown in Table 6, which reports the dew point Tpp and the
concentration and mass flow of CO, and NO, for the different fuel mixtures. The results indicate that as the Hy volume fraction rises
from 0 % to 100 %, the dew point temperature (Tpp) increases by 8.05 °C, while the combustion temperature (T.,m5) experiences a 5 %
increase. NO concentrations increase on average by 0.22 percentage points for every 10 % increase in the proportion of H in the fuel
mixture, but the mass flow remains constant for all percentages of Hyo. When the volume fraction of natural gas changes from 100 % to
50 %, CO- concentration is reduced by 24.89 %. For achieve decarbonization of 50 % the percent H2 in mixture of fuel is around 80 %.

3.3. Energy analysis results

In Table 7, we show the energy analysis results in which we report the mass flows of air and fuel, the heat rate (HR), the specific fuel
consumption (SFC) and the thermal efficiency (nrx). We found that by changing the fuel mixture from 100 % Natural Gas to 100 % Ha,
the Energy Efficiency reaches a value of 88.1 %, a 50 % heat rate reduction, and a 60 % fuel mass flow reduction. The SFC and the air
mass reaches a reduction of 60 % and the air mass 10 %.

3.4. Exergy analysis results

This section discusses the influence of using hydrogen-natural gas mixtures as fuel on the parameters of conventional exergy
analysis, focusing on the HRSG, gas turbine, combustion chamber, and compressors.

In Table 8, we report the effects of different fuel mixtures on the combustion chamber’s exergy destruction, the destroyed exergy of
gas turbine, and the total exergy destruction. The exergy of the fuel mixture increases by 15 % when it goes from 0 to 50 % Hp, and
when it reaches 100 % Hj, said value increases by 2.41 times. For every 10 % increase in the H2 volume fraction, the total exergy
destruction and the exergy destruction in the combustion chamber decrease by 1.5 % and 2.8 %, respectively. We found that by
changing the fuel mixture from 100 % natural Gas to 100 % Hp, the total exergetic efficiency reaches a value of 42.84 %.

3.5. Exergoeconomic analysis results

This section discusses the influence of using hydrogen-natural gas mixtures as fuel on the parameters of exergoeconomic analysis,
focusing on the HRSG, gas turbine, combustion chamber, and compressors.

The parameters used in developing the exergoeconomic analysis and the equations used to calculate the PEC of each component are
shown in Table 9 and Table 10, respectively. Likewise, the results of the exergy destruction cost for each fuel mixture, the specific
exergy cost of the fuel, and the specific cost of the electricity generated are shown in Table 11. With mixtures of up to 50 % Hp, the
specific fuel cost increases by 10 %, and with 100 % Hp, the increase is of 30 %. The specific electrical energy cost per GJ decreases by
10 % for H; contents greater than 80 %. For H, contents greater than 60 %, the cost of destroyed exergy is reduced by 10 %, and with
100 % Hy, the reduction is of 20 %.

As shown in Table 12, the relative cost difference varies less than 10 % with changes from 0 to 100 % in Hy content. Still, the cooling
coil’s value increases by approximately six times, and in the combustion chamber, it is reduced by approximately 30 %.

On the other hand, Table 13 shows the results of the lower rate of exergy destruction cost in the cooling coil. These results suggest
that using 100 % hydrogen reduces the cost of exergy destruction of all processes by up to 20 %, except for the combustion chamber,
where it is reduced by up to 10 %.

Table 14 shows the major exergoeconomic factors present in the cooling coil because it presents the lowest values of the rate of
exergy destruction cost and the highest for the different H, contents in the cooling coil. Increasing the Hy content in the fuel from 0 to
100 % increases the exergoeconomic factor by 10 % in the Cooling Coil and the combustion chamber, 20 % in the HRSG, and 30 % in

Table 3

The thermodynamic model validation of the plant.
Stig cycle and air cooling Real data values Model values Error (%)
Output power (kW) 45000 44055 2.1
Energy Efficiency (%) 38 42,1 2,1
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Table 4

Volumetric composition of refinery gas.
Compound Volume fraction (%)
CH4 97.95 %
CoHg 0.25 %
C3Hg 0.05 %
C4Hyo 0.03 %
CsHjo 0.01 %
CgHi4 0.02 %
CO, 0.21 %
Ny 1.48 %

Table 5
Properties of the natural gas and H; fuel mixture.
Natural H, Mw SG HHV HHV Wo
Gas (%] kg [-] kJ kJ kJ
o = H i ]
Ratio to 0 % Hj
100 0 16.4 0.56 53757 1.00 49242
90 10 14.9 0.52 54946 1.02 48073
80 20 13.5 0.47 56387 1.05 46904
70 30 12.1 0.42 58171 1.08 45744
60 40 10.6 0.37 60438 1.12 44609
50 50 9.2 0.32 63412 1.18 43530
40 60 7.8 0.27 67486 1.26 42557
30 70 6.3 0.22 73410 1.37 41792
20 80 4.9 0.17 82813 1.54 41450
10 90 3.5 0.12 100035 1.86 42081
0 100 2.0 0.07 141764 2.64 45584
Table 6
Combustion analysis results.
H, Cco, Cno CO, CO, NO NO Top H,0 H,0 Teomp Teomb
g [E] [re]  [ron Ton|  [Ton Q[ ra
m? m? h h h h [h} {h] Ratio to 0 % H,
Ratio to 0 % H» Ratio to 0 % H» Ratio to 0 % Hy
0 358.7 118.7 22.4 1.00 7.43 1.00 49.0 30.4 1.00 1258 1.00
10 347.4 118.9 21.7 0.97 7.42 1.00 49.3 30.8 1.01 1260 1.00
20 334.3 119.3 20.8 0.93 7.42 1.00 49.6 31.1 1.02 1262 1.00
30 318.9 119.7 19.8 0.88 7.42 1.00 50.0 31.5 1.04 1265 1.01
40 300.4 120.2 18.5 0.83 7.42 1.00 50.4 32.1 1.05 1268 1.01
50 277.8 120.8 17.1 0.76 7.42 1.00 51.0 32.7 1.07 1271 1.01
60 249.7 121.6 15.2 0.68 7.41 1.00 51.6 33.5 1.10 1276 1.01
70 213.6 122.6 12.9 0.58 7.41 1.00 52.5 34.4 1.13 1282 1.02
80 165.8 123.9 9.9 0.44 7.40 1.00 53.5 35.7 1.17 1289 1.02
920 99.1 125.7 5.8 0.26 7.39 1.00 55.0 37.4 1.23 1301 1.03
100 0 118.7 0.0 0.00 7.39 0.99 57.0 39.8 1.31 1317 1.05

the compressors and the gas turbine.
4. Conclusion

Utilizing mixtures of natural gas and hydrogen as fuel is a vital step toward decarbonization of electrical energy generation by
reducing CO, emissions as the Hj fraction increases. Analyzing the energetic, exergetic, and exergoeconomic variables of the plant
revealed that increasing the percentage of Hj in the fuel mixture leads to a higher calorific value. This increase results in reductions in
the mass flow of air and fuel, heat rate, and specific fuel consumption. Let’s consider reaching a 50 % decarbonization in the study
system, for this purpose the fuel mixture to be used was of 20 % natural gas and 80 % Hj, this caused an increase the specific fuel exergy
cost 20 %, however the specific cost of electricity generated was reduce by 10 %. Is important these findings highlight the potential of
Hjy-natural gas mixtures to enhance the efficiency and environmental impact of power generation systems.

@ The Wobbe index decreases but remains within the classification limits for natural gas across all studied Hy proportions.
@ CO- emissions are reduced; however, NOx emissions, dew point, and combustion gas temperature increase.
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Table 7
Energy analysis results.
H, (%] Mfyel Myl Mgir Mair Ny N HR HR {ﬁ] SFC
kg kg kg kg %] (%] BTU BTU kwh kg
¥ 5 Ratiow0%H, (i W) )
Ratio to 0 % Hy Ratio to 0 % Hy Ratio to 0 % Hy Ratio to 0 % H,
0 216 1.0 99.7 1.0 421 1.0 8105 1.0 0.18 1.0
10 212 1.0 99.3 1.0 429 1.0 7962 1.0 0.17 1.0
20 206 1.0 987 1.0 438 1.0 7796 1.0 0.17 1.0
30 200 0.9 981 1.0 449 11 7600 0.9 0.16 0.9
40 1.93 0.9 973 1.0 463 1.1 7369 0.9 0.16 0.9
50 1.84 09 9.4 1.0 481 1.1 7089 0.9 0.15 0.9
60 174 08 952 1.0 506 1.2 6744 0.8 0.14 0.8
70 1.60 0.7 938 0.9 541 1.3 6308 0.8 0.13 0.7
80 1.42 0.7 91.9 0.9 50.4 1.4 5741 0.7 0.12 0.7
90 118 05 89.3 0.9 686 1.6 4973 0.6 0.10 0.5
100 0.84 0.4 856 0.9 881 21 3872 0.5 0.07 0.4
Table 8
Exergy analysis results.
Hy er er Epcc Eper Ep rotal ETotal
(%) ki ki kW] kW] kW] (%
H H
Ratio to 0 % H,
0 50827 1.00 18673 14194 48917 40.12
10 51758 1.02 18446 14152 48573 40.25
20 52911 1.04 18225 14098 48213 40.37
30 54348 1.07 17985 14036 47816 40.51
40 56180 1.10 17712 13962 47361 40.67
50 58591 1.15 17391 13873 46827 40.86
60 61900 1.22 17001 13763 46186 41.08
70 66717 1.31 16512 13624 45392 41.36
80 74371 1.46 15870 13443 44374 41.72
920 88395 1.74 14978 13200 43013 42.19
100 122390 2.41 13587 12852 41074 42.84
Table 9
Parameters used for developing exergoeconomic
analysis.
Item Value
ir (%) 15 %
ny, (years) 20
RTY (hours) 7446
» (=) 1.06

@ The exergy of the fuel increases by 15 % with 50 % Hy content and by a factor of 2.41 with 100 % Hp.

@ Total exergy destruction, as well as exergy destruction in the gas turbine, and combustion chamber decreases with higher H; ratios.

@ The specific fuel exergy costs increases, and specific exergy costs of the electrical power generated decrease with higher Hy ratios,
addition rate of exergy destruction cost decreases.

@ Cost relative differences decrease, while exergoeconomic factors increase, indicating improved economic performance with higher
H, content.

That is, the main contributions of this work consist in the analysis of the increase in Hy content in the fuel mixture under the
following parameters:

1 The fuel mixture’s physical properties.
2 The gas turbine production plant-specific fuel consumption and Thermal efficiency.
3 Exergy Destruction and Exergy Efficiency of Plant Components.

4 The effect of NOx, CO,, and humidity concentrations in the exhaust gases.

Future research should focus on examining the effects of varying cooling temperatures and the steam-to-air ratio in a gas turbine

11
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Table 10

Equations to determine the PEC of each component.

Heliyon 10 (2024) e40250

Component PEC Equation
CCoil - 06 [24]
PECeco — 4112 ( Mair (in hout))
Uccoit Armrp ccoit
LPC 71.1ma;r (Pm,t> (Pom) [24]
PECc = ———— (= |In[——
HPC €7 0.9~ gomp \ Pin Py
cc [24]
PECcc = 46-08’“3&;5 x (1 + e@018T.-26.4))
i
0.995 — P,
GT 49.34m, p; . [24]
PECop = ——> 8% 1, (i) 1 4 ¢0.036Ti,-54.4
o 0.92 — ngr Pout ( )
Gen PECgen = 60Ppgiee” [27]
HRSG 058 08 08 [24]
PECursc = 6570{( Qv ) + ( @ ) + ( Qs ) } + 212760Msteam + 1184.4Mgases
Armp EV. Armrp HP ArmrpLP
CT ) Tew1 — T, [28]
PECcr = 253226.835 Q —0.6936In( -1 "0 _ T, 0w ) +2.1898
3600 2
Peond PECpump = 3540Wpumy (291
Cond PECcond = 177 3Mpefrigerant [30]
Evap Apygp \ 7 [241
PE =1 4
Covgp = 130 (0.093)
TV PECry = 114.5Mgefrigorant [30]
Table 11
Exergoeconomic analysis results.
H Cruel Cruel Celect Celect Cp Cp
[%] $ $ $ $ $ $
[GJ} [GJ} [GJ] [GJ] [H} [H]
Ratio to 0 % Hy Ratio to 0 % Hy Ratio to 0 % H,
0 16.15 1.0 604.7 1.0 57007 1.0
10 16.35 1.0 602.9 1.0 56916 1.0
20 16.57 1.0 600.5 1.0 56498 1.0
30 16.82 1.0 597.6 1.0 56010 1.0
40 17.11 1.1 594.2 1.0 55429 1.0
50 17.47 1.1 590.0 1.0 54728 1.0
60 17.89 1.1 584.8 1.0 53863 0.9
70 18.41 1.1 578.1 1.0 52767 0.9
80 19.05 1.2 569.1 0.9 51332 0.9
90 19.8 1.2 556.6 0.9 49365 0.9
100 20.43 1.3 537.0 0.9 46437 0.8
Table 12
Relative cost difference by component.
H; [%] Ccoil LPC HPC CC GT HRSG
0 9.2 12.7 2.9 20.7 13.7 78.5
10 10.2 12.7 29 20.4 13.7 78.7
20 11.6 12.7 2.9 20.2 13.7 79.0
30 13.3 12.7 2.9 19.9 13.7 79.3
40 15.3 12.7 29 19.6 13.7 79.7
50 17.9 12.7 2.9 19.2 13.7 80.1
60 21.1 12.7 2.9 18.8 13.7 80.7
70 25.3 12.7 29 18.2 13.7 81.5
80 31.2 12.7 29 17.6 13.7 82.5
90 39.8 12.7 2.9 16.7 13.6 83.8
100 54.0 12.7 29 15.4 13.6 85.9

electric power generation system utilizing the Stig cycle and air cooling, particularly with a natural gas and hydrogen mixture. Besides,
the challenge currently being faced is ensuring that the plant is economically viable during its operation with green hydrogen since the

production costs of green hydrogen remain high compared to hydrogen produced from fossil fuels.
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Table 13

Cost rate of destroyed exergy by component.
H, [%] Ccoil LPC HPC CC GT HRSG
0 3.9 2407 2762 1086 26613 17352
10 3.9 2389 2742 1084 26457 17268
20 3.8 2366 2716 1084 26253 17162
30 3.8 2340 2685 1084 26014 17037
40 3.7 2308 2648 1085 25729 16887
50 3.7 2269 2604 1085 25387 16705
60 3.6 2222 2550 1085 24965 16479
70 3.5 2163 2482 1083 24434 16192
80 3.4 2087 2395 1076 23743 15811
90 3.2 1984 2276 1057 22805 15283
100 3.0 1835 2105 999 21432 14486

Table 14

Exergoeconomic factor by component.
Ha [%] Ccoil LPC HPC CcC GT HRSG
0 68.18 0.31 2.98 0.89 1.15 0.39
10 68.34 0.31 3.00 0.91 1.18 0.39
20 68.55 0.31 3.03 0.91 1.19 0.39
30 68.79 0.31 3.06 0.91 1.20 0.40
40 69.09 0.32 3.11 0.91 1.21 0.40
50 69.45 0.32 3.16 0.91 1.23 0.40
60 69.89 0.33 3.22 0.91 1.25 0.41
70 70.46 0.34 3.31 0.91 1.28 0.42
80 71.21 0.35 3.42 0.91 1.31 0.43
90 72.24 0.37 3.59 0.93 1.37 0.44
100 73.79 0.40 3.87 0.98 1.45 0.47
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Nomenclature

(')“"UV"—]g,N-

Investment cost ($/s)

Work (kW)
Temperature (°C)

Entropy specific (kJ/kgC)

Pressure (kPa)

Specific cost per unit of exergy ($/kJ)

Total cost ($/s)
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(continued)
e Exergy specific (kJ/kg)
Cp Specific heat (kJ/kg°C)
h Specific Enthalpy (kJ/kg)
E Exergy (kJ/s)
m Mass flow (kg/s)

Greek Letters

o Stoichiometric air

n Energy Efficiency

17 Operation and maintenance factor
® Humidity

A Excess air

€ Exergy Efficiency

Sub-index

0 Dead state conditions

f Fuel

D Destruction

i Input

o Output

P Product

Abbreviations

AC Air Cooler

C Compresor

CcC Combustion chamber

CDP Fraction of steam injected into the pre-combustion chamber
CH1 Refrigeration of machine 1
CH2 Refrigeration of machine 2
CT Cooling tower

Cond Condenser

FAR Fuel air- ratio

FWP Pump Feedwater

GT Gas Turbine

HP High pressure

HRSG Heat recovery boiler

IAC Air cooling inlet compressor
LP Low-pressure

MWP Make-up water pump

NOx Volumetric fraction of Nitrous oxides
P Pump

Pevap Evaporation water pump
Pcond Condensation water pump
PEC Equipment purchase price
SAR Steam air-ratio

TV Throttle valve
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