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analysis quantifies the influence of seasonal climatic variations and
regenerator effectiveness on net power output, thermal efficiency,
and specific fuel consumption. Annualized performance assessments
weighted by local meteorological occurrence frequencies reveal that
elevated ambient temperatures reduce net power output by 18.54%
between the winter reference condition (16.21 °C) and the summer
extreme condition (39.40 °C), regeneration significantly improves
thermal efficiency and fuel utilization. The regenerative configuration
increased annualized thermal efficiency by 3.82 percentage points
(13.55% relative improvement) and reduced specific fuel
consumption by 11.95%. Furthermore, the retrofit reduces annual fuel
consumption by approximately 27.51 million kg and CO, emissions
by approximately 75,381 tons. These findings support the
thermodynamic feasibility of integrating regenerators into existing

gas turbine infrastructure in hot-climate regions.
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1. Introduction

Libya's energy sector has increasingly shifted toward gas turbine power generation
[1], reflecting the country's abundant natural gas reserves [2] and growing demand
for flexible, fast-response electricity generation systems capable of accommodating
fluctuations in power demand [1,3]. Gas turbines are highly attractive for power
generation due to their relatively short construction times, operational flexibility,
and suitability for meeting peak electrical loads. Consequently, Libya’s dependence
on gas turbines has increased substantially over the past two decades. Natural gas
use for electricity generation increased substantially between 2000 and 2022, while

total national electricity production increased by approximately 127% [1].
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Figure 1. Annual Electricity Generation by Source in Libya (2000-2022)

Despite these advantages, gas turbine performance is highly susceptible to
environmental operating conditions, particularly ambient temperature. During
continuous base-load operation, the relatively low thermal efficiency of
conventional simple gas turbine (SGT) systems results in high fuel consumption and
operating costs [6]. In hot climates, elevated ambient temperatures reduce intake-air
density and consequently restrict the mass flow rate entering the compressor. This
aerothermal derating produces a “turbomachinery scissor effect,” in which
compressor work increases while gross turbine output decreases, resulting in
reductions in both net power output and thermal efficiency [5]. These challenges are
particularly acute in Libya, where fuel transportation costs and infrastructure
limitations place additional pressure on the electricity system [7]. Furthermore,

limited investment in steam-cycle infrastructure has constrained the deployment of
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combined-cycle power plants, leaving the electricity system reliant on less efficient
SGTs [8].

Among the available gas-turbine performance-enhancement strategies, regeneration
has received considerable attention. By recovering thermal energy from turbine
exhaust gases to preheat the compressed air before combustion, regenerative gas
turbine (RGT) systems reduce the fuel required to achieve the prescribed turbine
inlet temperature (TIT) [10,11]. While previous investigations have demonstrated
the thermodynamic benefits of regeneration [9-11], limited attention has been given
to evaluating RGT operation under representative North African climatic conditions
using the operating parameters of existing power-generation assets. Specifically, few
studies have translated discrete ambient-temperature variations into annualized,

meteorologically weighted performance metrics for an existing Libyan facility.

To bridge this gap, this study investigates the Southern Tripoli Power Plant, utilizing
its GT13DM gas turbine as a representative baseline. We hypothesize that
retrofitting the existing GT13DM with a regenerator can mitigate the thermal-
efficiency penalties associated with ambient-temperature derating while providing
annual fuel and carbon-emission savings without the major capital investment

required for combined-cycle infrastructure.

Guided by this hypothesis, this study addresses the following core research
questions: (1) how does ambient temperature affect aerothermal derating and the
thermodynamic state variables of the GT13DM? (2) What are the comparative
thermodynamic advantages of the RGT over the SGT across the seasonal
temperature range? (3) How sensitive is cycle performance to variations in
regenerator effectiveness? (4) What are the annualized fuel, efficiency, and
environmental benefits when evaluated against the meteorological profile of

Southern Tripoli?
To answer these questions, the primary objectives of this research are to:

1. Develop and validate steady-state thermodynamic models of SGT and RGT

configurations using EES.

2. Quantify the influence of ambient temperature on inlet-air density, mass flow

rate, power output, and specific fuel consumption.

3. Evaluate the sensitivity of cycle performance to practical ranges of

regenerator effectiveness.

4. Determine annualized performance metrics using a temperature-bin

weighting methodology based on local climatic data.
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5. Assess the environmental implications of regeneration through comparative
analysis of CO, emissions and qualitative indicators of NOx and CO

formation tendencies.

2. Methodology

This study investigates the thermodynamic performance of the GT13DM industrial
gas turbine under representative operating conditions at the Southern Tripoli Power
Plant. A comparative steady-state thermodynamic modeling approach was adopted,
evaluating a baseline simple gas turbine (SGT) cycle against a regenerative gas
turbine (RGT) configuration. Both models were developed in Engineering Equation
Solver (EES).

The analysis utilizes a pseudo-ideal gas Brayton-cycle framework with variable
specific heats. To maintain thermodynamic consistency across the compressor,
combustor, regenerator, and turbine sections, the working fluid was modeled as a
single pseudo-fluid. The influence of combustion at elevated temperatures was
captured using temperature-dependent effective thermodynamic properties
obtained from EES built-in property functions, supplemented by polynomial
specific-heat correlations for the high-temperature working fluid.

2.1. Simple Gas Turbine Modeling Framework

The SGT configuration consists of four principal thermodynamic states: compressor
inlet (1), compressor outlet (2), turbine inlet (3), and turbine outlet (4).
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Figure 2. Schematic of the simple gas turbine cycle

Compression and expansion processes were modeled using entropy-based
isentropic reference states to evaluate non-isentropic component behavior while
accounting for variable thermodynamic properties. Pressure losses in the intake,
combustion chamber, and exhaust sections were modeled as fixed fractional
pressure drops based on published industrial gas turbine data [18,19].

Non-Isentropic Compression Process (1-2)

Ambient air enters the compressor at temperature T;and pressure P;. The
compressor inlet pressure accounts for a 2% intake pressure loss relative to ambient
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atmospheric conditions (P ):

Py = Pymp(1 — 0.02) 1)
The compressor outlet pressure is determined by the compressor pressure ratio (7;):
P, = 7Py (2)

The compression process is modeled using an isentropic reference state. The inlet
entropy (s;) and enthalpy (h;) are obtained from EES property functions. The
isentropic outlet temperature (T5;) is evaluated from the constant-entropy condition
5(T,s, P;) = s, yielding the isentropic enthalpy h,s. The actual compressor outlet
enthalpy (h;) and temperature (T,) are then calculated using the compressor
isentropic efficiency (1.):

_ hys — hy _
hy, =h; + n—'Tz =T(hy) 3)

Cc
To capture the aerothermal derating caused by ambient temperature variations, the
air mass flow rate (m,) is not assumed constant. Instead, it is determined from the
prescribed compressor volumetric flow rate (V) and the ambient-air density
corresponding to the specified ambient pressure and inlet-air temperature. The
ambient pressure is retained in this mass-flow calculation, while the 2% intake
pressure loss is applied separately in defining the thermodynamic compressor-inlet
state in Eq. (1):
P; x 1000 , .

= | iy = paV 4
Pa = R (T, +273.15) " "~ Fa @

where P; is the compressor inlet pressure, T; =T, is the compressor inlet
temperature, Ry;, is the specific gas constant of air, and Vis the prescribed
compressor volumetric flow rate.

The compressor power consumption is calculated as:
I/i/comp = mg(h, — hy) )
Constant-Pressure Heat Addition Process (2-3)

Heat addition occurs in the combustion chamber with a fixed fractional pressure
drop of 4%:

Py = P,(1— 0.04) (6)

Temperature-dependent air properties were evaluated using EES built-in
thermodynamic property functions. The turbine working fluid was represented
using the EES Air property model.

hs = hqir(T3) , s3 = Sair (T3, P3) (7)
The fuel mass flow rate (1) is determined from a steady-flow combustor energy

balance, accounting for the fuel delivery temperature (Tr =T, =T,) and the
enthalpy of methane (hy):
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. g (hs — hy)
mf =
Necomp X LHVHC4 - (h3_hf)

The total thermal energy input to the cycle is
Qin = mf X LHVHC4 X Neomb €©)

Non-Isentropic Expansion Process (3—-4)

(8)

The turbine exit pressure remains slightly above ambient pressure to overcome a 3%
exhaust-duct flow resistance:

— P amb
1—-0.03
Using the turbine inlet entropy s; = s(T3, P3), the isentropic outlet temperature (T,)

is determined. The actual turbine outlet temperature (T,) is calculated using the
turbine isentropic efficiency (7;):

Ty = T(hs — 1t (hs — hug)) (11)

The total working-fluid mass flow through the turbine is

P, (10)

Ty = T + 1y (12)

The turbine work output (W), net cycle power output (W), thermal efficiency
(n¢n), and specific fuel consumption (SFC) are evaluated as follows:

Wturb = Thg(hS — hy) (13)
Wnet = Wturb - I/i/comp (14)
W, 3600 X m
N = =2t sFc=—7—F (15)
Qin Wnet

2.2. Regeneration System Integration

To form the RGT model, a steady-state counterflow regenerator is incorporated
between the compressor outlet and the combustion chamber. The regenerator
recovers thermal energy from the turbine exhaust (state 4 to 6) to preheat the
compressed air (state 2 to 5) as shown in Figures 3 and 4. Heat losses to the
surroundings and transient thermal-storage effects are neglected.
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Figure 3. Schematic of regenerative gas turbine cycle
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Figure 4. T-S diagram of the regenerative Brayton cycle showing ideal and actual processes

The regenerator effectiveness (¢) is defined using a temperature-based formulation:
_ 5T
N T4_ - T2

& - T5 = TZ + E(T4_ - Tz) (].6)

Pressure losses within the regenerator are modeled independently for the cold and
hot streams using a fixed pressure-drop ratio of 2% (Pgrey = 0.02) on each side
(Figure 5.)

Ps = Pz(l_Pd,reg)f Py = P4(1_Pd,reg) (17)
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Figure 5. Actual Brayton cycle with irreversibilities
With the regenerator integrated, the compressed air is preheated to state 5, reducing
the external thermal energy required in the combustion chamber. The updated fuel
mass flow rate 1y ., is calculated via a steady-flow energy balance across the
combustor, substituting the compressor discharge enthalpy h, with the regenerator

outlet enthalpy hs.
ma (h3 - hs)
Necomp X LHVCH4 - (h3 - hf)

(18)

Mg reg =
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The total combustion gas mass flow rate 4 is then updated to reflect this new

fuel-to-air mixture.
Mg reg = Mg + My reg (19)

An energy balance across the counterflow regenerator determines the final enthalpy

he and temperature Ty of the exhaust gases exiting to the atmosphere.

my(hs — h
he = hy — ar(nS—Z) (20)
g.reg

The recovered thermal energy Qsq,.q quantifies the exhaust heat successfully

recycled back into the cycle.
Qsavea = Ma(hs — hy) (21)

The model subsequently calculates the regenerative turbine work, net cycle power

output, and total heat input using these updated flow and enthalpy values.

Wturb,reg = mg,reg (h3 — hy) (22)
Wnet,reg = Wturb,reg - I/i/comp (23)
Qin,reg = mf,reg X LHVHC4 X Ncomb (24)

Wnet,reg SFC = 3600 x mf,reg

(25)

J

Nthreg =
Qin,reg net,reg

2.3. Plant Specifications and Model Validation

The thermodynamic models were applied to the GT13DM gas-turbine unit operated
by the General Electricity Company of Libya at the Southern Tripoli Power Plant.
Representative operating specifications and design parameters (Table 1) were
implemented directly into the EES model.

Table 1. Operating parameters used in the thermodynamic simulations of the GT13DM
gas-turbine unit

Parameters Values Units
Pressure ratio (1) 11.5 -
Turbine inlet temperature (TIT or T3) 990 °C
Compressor inlet volumetric flow rate (V) 337.6 m?/s
Compressor isentropic efficiency (1,) 0.84 -
Turbine isentropic efficiency (17,) 0.89 -
Lower heating value (LHV y¢,) 50,023 k]J/kg
Combustion efficiency (1¢omp) 0.99 -
Regenerator effectiveness® () 0.80 -
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SThe nominal design-point assumption for the recuperator model, rather than as a value
independently established through experimental validation of the recuperator.

Table 2a. Technical specifications of the Southern Tripoli GT13DM gas-turbine unit

Power . Year in Unit Nameplate Available
. Unit . . Model
station service type rating power
Tripoli Gas
GT-13DM 1994 . 100 MW 85 MW  GT13DM
South turbine

To ensure the reliability of the thermodynamic framework, the baseline SGT model
was validated against the nominal specifications of the GT13DM unit. Under winter
reference conditions (16.21°C), the model predicts a net power output of 96.58 MW.
This aligns closely with the plant's nameplate available power rating of 85-100 MW
(Table 2a, b), confirming that the chosen isentropic efficiencies, pressure drops, and
variable specific heat assumptions accurately reflect the real-world aerothermal
behavior of the asset.

In general, the selected assumptions regarding isentropic efficiencies, pressure
drops, and variable specific heat accurately reflect the actual thermodynamic
(aerothermal) behavior of the equipment. Furthermore, across the range of ambient
conditions studied, the model predicts an average power degradation rate of
approximately 0.77 MW /°C (or = 0.80 %/°C relative to the base power). This result
aligns closely with the typical degradation rate of 0.70% — 0.85%/°C as cited in
manufacturer specifications and industry references for heavy-duty gas turbines [13,
18].

Table 2b. Validation of the GT13DM thermodynamic model against reference

performance data at discrete ambient temperatures.

Ar(rjl(l))?:;?"(l)}elé Metric Reference / | EES Model | Relative
(Ta) P OEM Data | (This Work) | Error (%)
Winter Reference Net Power (Wp,) 96.50MW | 9658MW | %0.08+
16.21°C Thermal Efficiency (ne) | %29.00 %28.86 %0.48-
ISO / Intermediate | Net Power (W) 89.20MW | 88.90MW | %0.33-
26.15°C Thermal Efficiency (n,,) |  %28.30 %28.25 %0.18-
Summer Peak Net Power (Wper) 7950MW | 7867MW | %1.04-
39.40 °C Thermal Efficiency (ne) | %27.50 %27.37 %0.47-
2.4. Emission Assessment
Combustion-related = emissions were evaluated using a comparative

thermodynamic-indicator approach. Fuel-based CO, emissions were estimated
directly from the methane fuel-consumption rate using a standard mass-
conservation approach:
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mcoz = mf X EFCOZ (26)
where the emission factor is:
EFCOZ = 274 kg COZ/kg CH44

The influence of regeneration on nitrogen oxides (NOx) and carbon monoxide (CO)
formation was interpreted qualitatively using variations in the air—fuel ratio (AFR)
and equivalence ratio (¢):

AFR = ﬁ , — AFRstoich

27
Ty AFR @7

Because the present framework relies on bulk fluid thermodynamic states and does
not resolve local adiabatic flame temperatures or detailed chemical kinetics, these
parameters serve strictly as qualitative comparative indicators of emission
propensity.

2.5. Ambient Temperature Distribution and Annual Weighting Procedure

Ambient air temperature (T,) serves as the primary environmental variable
governing cycle aerodynamics. High-resolution hourly ambient temperature
records for the Tripoli South site (Latitude: 32.83° N, Longitude: 13.18° E) were
obtained from the NASA Prediction of Worldwide Energy Resources (POWER)
database, covering a representative full-year baseline period from January 2025 to
December 2025 (totaling 8,736 operational hours). The recorded temperature
domain was subsequently discretized into N = 8 discrete temperature bins using a
standard bin-counting methodology (Table 3).

Table 3. Ambient Temperature Distribution, Occurrence Frequencies, Annual
Operating Hours, and Weighting Factors

Bin () Local Ambient Climatological Annual Operational Normalized
Temperature T,(°C)*  Frequency (days) Duration (h) Weight Factor

1 12.9-16.21 37 888 0.1016

2 19.53 55 1,320 0.1511

3 22.84 38 912 0.1044

4 26.15 48 1,152 0.1319

5 29.46 69 1,656 0.1896

6 32.78 73 1,752 0.2005

7 36.09 30 720 0.0824

8 39.40 14 336 0.0385
Total 364 8,736 1.0000

Source: https://power.larc.nasa.gov/data-access-viewer

Each temperature bin was assigned an occurrence frequency (Freq;), which was
converted into annual operating hours (Hours; = Freq; X 24) and normalized
weighting factors (Weight;). For each discrete ambient-temperature condition, the
complete Brayton-cycle model was solved independently. To preserve dimensional
and thermodynamic consistency, integrated performance quantities were evaluated
using cumulative energy- and mass-weighted formulations. Total annual fuel
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consumption (fuelgnnyarkg) and cumulative net work output (Whetannuai) were
calculated as:

N
Fuelgmuarg = Z(mﬁ x 3600 x Hours;) (28)

=1

N
Wnet,annual = Z(Wnet,i X HORT‘Si) (29)

=1
Accordingly, the annual thermal efficiency (Whermarannuai) Was evaluated from
cumulative energy quantities:

N .
Z i=1( Wnet,i X Hoursi)

Nthermal,annual = N : (30)
2 -1(Qini X Hours;)

This methodology captures the influence of ambient climatic variability on cycle
behavior without introducing transient operation or part-load control dynamics.

3. Results

3.1. Ambient-Temperature-Driven Aerothermal Derating

The operational baseline of the GT13DM gas turbine is fundamentally constrained
by seasonal atmospheric variations at the compressor intake. Because the
compressor operates at a fixed volumetric capacity (V = 337.6 m3/s ), the mass flow
rate is strictly a function of ambient air density.

Table 4 quantifies the thermodynamic consequences of seasonal ambient-
temperature variation on the GT13DM gas turbine. Increasing ambient temperature
reduces inlet air density and compressor mass flow rate, resulting in lower turbine
work output and significant net power derating. The data also show a deterioration
in thermal efficiency and an increase in specific fuel consumption under summer
conditions. These results directly address the influence of climate on gas-turbine
performance and establish the baseline for evaluating regeneration.

Figure 6 illustrates the direct dependence of compressor inlet-air density and mass
flow rate on ambient temperature. As temperature increases, reduced air density
lowers the quantity of working fluid entering the compressor at a fixed volumetric
flow rate. This density-driven reduction in throughput represents the primary
mechanism responsible for subsequent performance degradation. The figure
therefore provides the fundamental aerodynamic explanation for ambient
temperature sensitivity in the gas turbine.

Figure 6 quantifies this aerodynamic limitation. As ambient temperature (T,)
increases from the winter reference (16.21°C) to the summer extreme (39.40°C), the
inlet air density drops from 1.220 kg/m 3 to 1.129 kg/m 3. This 7.46% reduction in
density directly translates to a proportional 7.53% decline in the absolute air mass
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flow rate (), restricting the working fluid available for expansion.

This mass flow restriction induces a severe divergence between compression
requirements and expansion output, as evidenced in Figure 7. While the gross
turbine work (W) decreases by 7.53% due to the diminished mass flow, the
absolute compressor work (W,,;,,) decreases marginally by 0.12%. This occurs
because the specific compression work required to overcome the temperature-
dependent enthalpy barrier scales with T;, overpowering the mass flow reduction.
Consequently, the net power output (W) suffers a compounded derating of
18.54% (from 96.58 MW to 78.67 MW). For the Libyan grid, this data highlights a
critical vulnerability: the asset loses over one-fifth of its generating capacity precisely
during peak summer cooling demand.

3.2. Influence of Ambient Temperature on Thermodynamic Performance

The aerothermal derating directly degrades the cycle's energy conversion
effectiveness. Figure 10 demonstrates that the compressor discharge temperature
(T;) rises linearly with ambient temperature, reaching 404.2 °C at peak summer
conditions. While this elevated T, slightly reduces the sensible heat addition
required in the combustor, reflected by the marginal decline in fuel mass flow ( 7y)
in Figure 9, this fuel saving is vastly disproportionate to the 18.54% loss in power
output.

As a result, Figure 8 shows a distinct deterioration in overall performance: thermal
efficiency (1y,) decreases from 28.86% to 27.37%, while SFC increases from 0.2519 to
0.2656 kg/kWh. These graphical trends confirm that lower absolute fuel
consumption during summer operations is merely an artifact of reduced cycle
capacity, not an indicator of improved efficiency.
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a, \‘\ --Ze-r kgim®
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112 o 380
s 20 25 30 35 a0 » 2 = N oéo s 40
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Figure 6 Variation of inlet-air density and Figure 7 Variation of compressor work, turbine
compressor air mass flow rate versus ambient work, and net power output versus ambient
temperature temperature for the simple cycle
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Figure 10 Variation of compressor discharge temperature (T,) and turbine exhaust temperature (T,)

versus ambient temperature

Table 4. Summary of principal thermodynamic state points and performance indicators

at representative winter

and summer operating conditions

Winter

Summer

Parameter Symbol Unit Condition Condition Cl;:/zl)ge
T, =16.21°C___ T, = 39.40°C

Compressor inlet air density P1 kg/m3 1.22 1.129 -7.46%
Compressor air mass flow rate m, Kg/s 411.7 386.9 -7.53%
Compressor work mep /44 143,564 143,393 -0.12%
Turbine work W er kw 240,144 222,067 -7.53%
Net cycle power output W et kw 96,580 78,674 -18.54%
Compressor outlet temperature T, °C 356.4 404.2 13.41%
Turbine exhaust temperature T, °C 490.2 490.2 0.00%
Fuel mass flow rate my Kg/s 6.757 5.804 -14.10%
Thermal energy input Qin Mw 335 287 -14.33%
Thermal efficiency Nen % 28.86 27.37 -5.16%
Specific fuel consumption SFC g/kWh 251.9 265.6 5.44%
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3.3. Performance Comparison of Simple and Regenerative Cycles

Integrating a regenerator fundamentally shifts the cycle's heat addition boundary
conditions. Figures 11 and 12 demonstrate that the RGT configuration consistently
outperforms the SGT, maintaining higher thermal efficiency and lower SFC across
the entire ambient spectrum. By recycling high-grade exhaust enthalpy to preheat
the compressor discharge air, the RGT requires significantly less chemical energy to

achieve the 990°C TIT.

Table 5. Percentage improvements achieved through regeneration at selected ambient

temperatures at Regenerator Effectiveness, € = 80 %

i Th 1 Effici
T AT Ie;lm:ovenllzljtncy Reduction in Specific Relative Change in
emperature, P Fuel Consumption (%) Net Power Output (%)
T,°C (%)
16.21 16.49% 14.172% -2.197%
19.53 15.60% 13.486% -2.203%
22.84 14.69% 12.803% -2.208%
26.15 13.77% 12.087% -2.213%
29.46 12.84% 11.415% -2.218%
32.78 11.93% 10.677% -2.225%
36.09 11.01% 9.909% -2.230%
39.40 10.08% 9.149% -2.237%
i 0.28
0.34 I 75~ SFCsar ]
—— ol --&=hinrer 0= SFCror
T (= == hihser 1 N SR A= B
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Figure 11 Comparison of SGT and RGT

thermal efficiency versus ambient temperature

Figure 12 Comparison of SGT and RGT
specific fuel consumption versus ambient
temperature
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Figure 13 Variation of regenerator outlet
temperature (Ts) and exhaust exit temperature
(Tg) versus ambient temperature

However, Figure 11 reveals a critical thermodynamic limitation: the performance
gap between the RGT and SGT narrows as ambient temperature rises. Table 5
quantifies this convergence, showing the relative efficiency improvement degrading
from 16.49% at 16.21°C to 10.08% at 39.40°C. This behavior is explained by the
temperature profiles in Figure 13. As T, rises, T, also rises, which narrows the
available thermal gradient (T, — T,) across the regenerator. This thermodynamic
pinch restricts the heat recovery potential during peak summer conditions,
indicating that regeneration is most effective during cooler operational periods.

3.4. Sensitivity and Uncertainty of Cycle Parameters

Tables 6.1-6.5 evaluate the sensitivity of cycle performance to increasing regenerator
effectiveness. Higher effectiveness values increase compressed-air preheating,
resulting in improved thermal efficiency and lower fuel consumption. The results
also reveal diminishing incremental benefits as effectiveness approaches practical
upper limits.

Table 6.1 Sensitivity metrics showing incremental performance improvements for

different values of regenerator effectiveness. Regenerator Effectiveness, £ = 0.00

Figure 14 Comparison of SGT and RGT fuel
mass flow rates versus ambient temperature

Tamp °C | Ts °C | Ts °C | e % | %Ane, | SFC kg/kWh | %A SFC k’;;s %A 1,
1621 | - - |0288 | - 0.2519 - 6.757 | -
1953 | - ~ 02866 | - 0.2536 - 6.611 | -
284 | - ~ |o02846| - 0.2554 - 6469 | -
2615 | - ~ |o02825| - 0.2573 - 6.33 -
2946 | - ~ |02804| - 0.2593 - 6.194 | -
3278 | - - |o2782| - 0.2613 - 6.061 | -
36.09 | - - | 0276 - 0.2634 - 5931 | -
3940 | - - |o2m7| - 0.2656 - 5804 | -
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(T5): Regenerator Outlet Temperature
(T6): Exhaust Exit Temperature
(M¢n): Thermal Efficiency, (%A n.y): Percentage improvement in thermal efficiency

(SFC): Specific Fuel Consumption, (%A SFC): Reduction in specific fuel

consumption.
(mf): Fuel Mass Flow Rate, (%A m¢): Percentage fuel saving.

Table 6.2 Sensitivity metrics showing incremental performance improvements for

different values of regenerator effectiveness. Regenerator Effectiveness, € = 70 %

Tamp °C | Ts °C | Ts °C | nen % | %A nep | SFC kg/kWh | %A SFC | 1y kg/s | %A my

16.21 | 421.2 | 383.3 | 0.3286 | 13.86% 0.2212 12.19% 5.810 | 14.02%

19.53 | 423.3 | 388.0 | 0.3241 | 13.08% 0.2243 11.55% 5722 | 13.45%

22.84 | 4253 | 392.6 | 0.3197 | 12.33% 0.2274 10.96% 5636 | 12.88%

26.15 | 427.4 | 397.3 | 0.3152 | 11.58% 0.2306 10.38% 5553 | 12.27%

29.46 | 4294 | 401.9 | 0.3106 | 10.77% 0.234 9.76% 5471 | 11.67%
32.78 | 431.4 | 406.5 | 0.306 | 9.99% 0.2375 9.11% 5391 | 11.05%
36.09 | 433.5| 411.2 | 0.3014 | 9.20% 0.2412 8.43% 5313 | 10.42%
39.40 | 435.5| 415.8 | 0.2968 | 8.44% 0.2449 7.79% 5.236 9.79%

Table 6.3 Sensitivity metrics showing incremental performance improvements for

different values of regenerator effectiveness. Regenerator Effectiveness, e = 75 %

Tamp °C | Ts °C | Ts °C | nen % | %A e, | SFC kg/kWh | %A SFC | ickg/s | %A iy

16.21 | 456.7 | 392.0 | 0.3324 | 15.18% 0.2187 13.18% | 5.741 | 15.04%

19.53 | 458.5 | 397.0 | 0.3277 | 14.34% 0.2218 12.54% | 5.658 | 14.42%

22.84 | 460.2 | 402.0 | 0.323 | 13.49% 0.2251 11.86% | 5.576 | 13.80%

26.15 | 461.9 | 406.9 | 0.3183 | 12.67% 0.2284 11.23% | 5.497 | 13.16%

29.46 | 463.6 | 411.9 | 0.3135 | 11.80% 0.2319 10.57% | 5.419 | 12.51%

32.78 | 465.3 | 416.9 | 0.3087 | 10.96% 0.2355 9.87% 5343 | 11.85%
36.09 | 467.0 | 421.9 | 0.3039 | 10.11% 0.2392 9.19% 5268 | 11.18%
39.40 | 468.7 | 426.8 | 0.299 | 9.24% 0.2431 8.47% 5.196 | 10.48%
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Table 6.4 Sensitivity metrics showing incremental performance improvements for

different values of regenerator effectiveness. Regenerator Effectiveness, € = 80%

Tamp °C | Ts °C | To °C | nen % | %A e, | SFC kg/kWh | %A SFC | 1ivy kg/s | %A 1y
1621 | 463.40 | 385.30 | 0.3362 | 16.49% 0.2162 14.17% | 5.673 | 16.04%
19.53 | 464.80 | 390.60 | 0.3313 | 15.60% 0.2194 13.49% | 5593 | 15.40%
22.84 | 466.20 | 395.90 | 0.3264 | 14.69% 0.2227 12.80% | 5516 | 14.73%
26.15 | 467.50 | 401.30 | 0.3214 | 13.77% 0.2262 12.09% | 5.441 | 14.04%
29.46 | 468.90 | 406.60 | 0.3164 | 12.84% 0.2297 1142% | 5367 |13.35%
32.78 | 470.30 | 411.90 | 0.3114 | 11.93% 0.2334 10.68% | 5294 | 12.65%
36.09 | 471.60 | 417.20 | 0.3064 | 11.01% 0.2373 991% | 5224 |11.92%
39.40 | 473.00 | 422.50 | 0.3013 | 10.08% 0.2413 9.15% | 5.155 |11.18%

Table 6.5 Sensitivity metrics showing incremental performance improvements for

different values of regenerator effectiveness. Regenerator Effectiveness, € = 85 %

Tamp °C | Ts°C | Tg °C | 1en % | %A 0, | SFC kg/kWh | %A SFC |ty kg/s | %A iy
16.21 | 470.10 | 378.50 | 0.3402 | 17.88% 0.2137 15.16% 5.604 | 17.06%
19.53 | 471.20 | 384.20 | 0.335 | 16.89% 0.217 14.43% 5529 | 16.37%
22.84 | 472.20 | 389.90 | 0.3299 | 15.92% 0.2204 13.70% 5.456 | 15.66%
26.15 | 473.20 | 395.60 | 0.3247 | 14.94% 0.2239 12.98% 5.384 | 14.94%
29.46 | 474.20 | 401.20 | 0.3194 | 13.91% 0.2276 12.23% 5315 | 14.19%
32.78 | 475.30 | 406.90 | 0.3142 | 12.94% 0.2314 11.44% 5.246 | 13.45%
36.09 | 476.30 | 412.60 | 0.3089 | 11.92% 0.2353 10.67% 5179 | 12.68%
39.40 | 477.30 | 418.20 | 0.3036 | 10.92% 0.2394 9.86% 5114 | 11.89%
0.35 x10°
. 50| =

0.33 g E : i - -85 %
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Figure 15 Thermal efficiency versus
regenerator effectiveness (¢)

Figure 17 Recovered heat-transfer rate and
fuel-saving percentage versus regenerator
effectiveness
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Figure 16 Specific fuel consumption versus regenerator effectiveness (&)

To avoid overly deterministic claims based on fixed assumptions, it is necessary to
address the sensitivity of the model. The baseline framework assumes fixed
isentropic efficiencies (. = 0.84,7n, = 0.89) and constant fractional pressure drops.
In reality, component degradation (e.g., compressor fouling, turbine blade erosion)
will alter these parameters over the asset's lifecycle, introducing uncertainty into the
absolute power and efficiency predictions. However, because the primary
mechanism of the RGT, exhaust heat recovery, operates independently of
turbomachinery isentropic efficiency, the relative performance improvements
reported in this study remain robust regardless of baseline degradation.

Figures 15 through 17 evaluate the sensitivity of the cycle to regenerator
effectiveness (¢). While thermal efficiency increases monotonically with higher
effectiveness, the asymptotic flattening of the curves in Figures 15 and 16 indicates
diminishing thermodynamic returns. As & approaches 0.85, the preheated air
temperature (Ts) approaches the turbine exhaust temperature (Ti). Pushing
effectiveness beyond 0.80 requires exponentially larger heat exchanger surface areas
to overcome the narrowing thermal pinch point, which increases pressure drops and
capital costs. Therefore, the selected &= 0.80 represents a pragmatic techno-
economic boundary for retrofitting.

Figures 15 through 17 evaluate the sensitivity of the cycle to regenerator
effectiveness (€). While thermal efficiency increases monotonically with higher
effectiveness, the asymptotic flattening of the curves in Figures 15 and 16 indicates
diminishing thermodynamic returns. As & approaches 0.85, the preheated air
temperature (Ts) approaches the turbine exhaust temperature (Ts). Pushing
effectiveness beyond 0.80 requires exponentially larger heat exchanger surface areas
to overcome the narrowing thermal pinch point, which increases parasitic pressure
drops and capital expenditures.

In industrial practice and heavy-duty gas turbine applications, regenerator
effectiveness values between 0.75 and 0.85 are widely recognized as the optimal
techno-economic compromise between exergy recovery and equipment footprint
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[15, 17, 20, 33]. Therefore, the selected € = 0.80 represents a pragmatic, industry-
standard techno-economic boundary for retrofitting existing installations.

3.5. Annualized Performance Assessment under Southern Tripoli Climatic
Conditions

Table 7 presents annualized performance indicators obtained using the Southern
Tripoli temperature frequency distribution. The results show that regeneration
significantly improves annual thermal efficiency while reducing fuel consumption
and carbon emissions. Net electrical energy production remains nearly unchanged,
indicating that the primary benefit of regeneration is improved fuel utilization rather
than increased power generation. The table therefore quantifies the long-term
operational advantages of regenerative integration.

Table 7. Annual weighted performance metrics for SGT and RGT configurations.

. Simple Regenerative Absolute Relative
Performance Metric
Cycle Cycle Change Change (%)
Net Electrical Generation (MWh) 768,300 751,300 -17,000 -2.21%
Annual Heat Input (MWh) 2,725,000 2,346,000 -379,000 -13.91%
.82
Annual Thermal Efficiency (%)  28.20% 32020 O ;’:irrfte:tage +13.55%
A 1 Fuel ti
noual Fuel Consumption 198,061 170,550 ~27,511 ~13.89%
(ton/year)
Specific Fuel Consumption
257.8 227.0 -30.8 -11.95¢
(g/kWh) °
Annual Fuel Expenditure (USD) 13,270,087 11,426,850 -1,843,237 -13.89%
CO, Emissions (ton) 542,687 467,306 -75,381 -13.89%
CO; Emission Intensity (g/kWh) 706.3 622.0 -84.3 -11.93%

Table 8 summarizes the cumulative annual benefits associated with regeneration.
The results indicate substantial reductions in fuel consumption and corresponding
decreases in carbon dioxide emissions. These savings demonstrate the practical
economic and environmental value of exhaust-heat recovery under representative
Libyan climatic conditions. The table translates thermodynamic improvements into
annual operational outcomes.

Table 8. Annual fuel savings and percentage reductions achieved through regeneration.

Indicator Symbol Unit Value

Annual fuel consumption (SGT) Fuelgnnyaiser ton/year 198,061

Annual fuel consumption (RGT) Fuelgpnyairer ton/year 170,550

Annual fuel savings A Fuel,,q  ton/year 27,511

Fuel saving percentage Fuelsqying % 13.89%
Annual CO; emissions (SGT) C€O3gnnuarser ton/year 542,687
Annual CO; emissions (RGT) €Oz gnnuarrer ton/year 467,306

Annual CO; reduction A CO3 appyal ton/year 75,381

CO; reduction percentage CO3 reduction % 13.89%
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Figure 18: Annual weighted comparison of SGT and RGT net power output, thermal

efficiency, and specific fuel consumption
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Figure 19 Contribution of each temperature bin to annual fuel consumption

The primary methodological novelty of this study lies in transitioning from discrete
design-point analyses to an annualized, meteorologically weighted performance
assessment. By integrating the steady-state results across the 8,736-hour climatic
profile of Southern Tripoli (Table 3), the true operational value of the RGT retrofit is
quantified.

Figure 18 demonstrates that while the annual net power output remains virtually
identical between the two cycles (since regeneration does not alter the mass flow
limitations), the annualized thermal efficiency increases substantially from 28.2% to
32.02%. Figure 19 illustrates that moderate-to-high ambient temperatures dominate
the plant's annual fuel budget due to their high occurrence frequency. By
implementing regeneration, the plant achieves a 13.89% reduction in annual fuel
consumption, saving approximately 27.51 million kg of natural gas (Table 8). This
confirms that the primary benefit of the RGT is a drastic improvement in energy
conversion effectiveness, directly relieving fuel supply chain pressures.
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3.6. Environmental Impact and Combustion Boundary Shifts

Table 9 evaluates the environmental implications of regenerative integration using

annualized fuel consumption and combustion-related indicators. Regeneration

lowers annual fuel use and carbon dioxide emissions while increasing the air-fuel

ratio and reducing the equivalence ratio. These changes indicate leaner combustion

conditions with reduced carbon-emission intensity. The table therefore links

thermodynamic improvements to broader environmental performance objectives.

Table 9. Annual fuel consumption, CO, emissions, and relative emission tendency

indicators for SGT and RGT systems.

Relati
Emission Indicator Unit SGT RGT elative
Change (%)
Annual fuel consumption kg/year 198,061 170,550 -13.89%
A ] . .

nnual carbon dioxide ton/year 542,687 467,306 -13.89%

emissions CO; ;nnyal
Annual weighted air-fuel ratio, kg air
! 63.0865 73.2095 16.05%

AFR pnual /kg fuel °
1 weigh ival

Annua welg ted equivalence _ 02727 02349 13.86%

ratio ¢annual
Annual weighted combustor - 378.8205 467.9067 23.52%

inlet temperature

560,000

542,687 ton/year

540,000

520,000

500,000

480,000

460,000

440,000

420,000
Annual CO. emissions (SGT)

467,306 ton/year

Annual CO: emissions (RGT)

Figure 20: Annual CO, emissions of SGT and RGT configurations
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Figure 21: Variation of air-to-fuel ratio (AFR) and equivalence ratio (¢) with ambient
temperature for SGT and RGT cycles

The thermodynamic improvements yield deterministic reductions in greenhouse
gas emissions. Because CO, emissions are a stoichiometric consequence of fuel
consumption, the RGT configuration prevents the release of 75,381 tons of CO,
annually (Figure 20).

Regarding criteria pollutants (NOx and CO), absolute emission rates cannot be
accurately predicted without detailed chemical kinetic modeling or computational
fluid dynamics (CFD). However, Figure 21 provides critical insight into the shifts in
combustion boundary conditions. Because the regenerator supplies preheated air,
less fuel is injected into the same mass of air, driving the Air-to-fuel ratio (AFR) up
and the equivalence ratio (¢) down (from an annual average of 0.2727 to 0.2349).
While this leaner mixture typically reduces the propensity for incomplete oxidation
(lowering CO formation), the elevated combustor inlet temperatures (T_5)
associated with regeneration increase the risk of thermal NOx formation.
Consequently, while the carbon footprint is definitively reduced, implementing an
RGT retrofit would necessitate concurrent tuning of the plant's dry low-NOx (DLN)
combustion systems to ensure regulatory compliance.

4. Discussion

4.1. Ambient Temperature as the Primary Driver of Gas Turbine Performance

Ambient temperature is the primary environmental parameter governing gas
turbine performance because it directly determines compressor inlet-air density. As
ambient temperature increases, the lower air density reduces the compressor air
mass flow rate at a fixed volumetric intake, thereby limiting the working fluid
available for expansion in the Brayton cycle. This reduction causes turbine work to
decrease, while compressor work increases slightly because higher inlet
temperatures require greater specific compression work. Consequently, the decline
in turbine output exceeds the reduction in compressor demand, resulting in a
pronounced deterioration in net power output. Although fuel consumption also
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decreases due to the lower air throughput, the reduction is insufficient to offset the
larger loss in power generation, leading to lower thermal efficiency and higher
specific fuel consumption. These findings are consistent with established Brayton-
cycle theory and previous studies on heavy-duty gas turbines operating in hot
climates. The effect is particularly significant in North Africa and the Middle East,
where high ambient temperatures coincide with peak electricity demand. Since
component efficiencies and pressure losses were held constant, the observed
performance degradation is attributed primarily to climatic conditions rather than
mechanical deterioration.

4.2. Thermodynamic Benefits and Limitations of Regeneration

The regenerative gas turbine (RGT) enhances Brayton-cycle performance by
recovering high-grade thermal energy from the turbine exhaust to preheat the
compressed air before combustion, thereby improving exergy utilization and
reducing the external heat addition required to achieve the prescribed turbine inlet
temperature. Consequently, thermal efficiency increases because a greater
proportion of the supplied fuel energy is converted into useful work, while specific
fuel consumption decreases as less fuel is required to produce nearly the same net
power output. The negligible change in power output reflects the fact that
regeneration modifies the heat addition process rather than the compressor air mass
flow rate or turbine expansion process, which remain governed by the same
operating conditions. Thus, regeneration does not eliminate the ambient-
temperature-induced power derating; rather, it partially offsets its impact on net
power output relative to the simple-cycle configuration. However, the relative
performance benefits diminish with increasing ambient temperature because higher
compressor discharge temperatures reduce the available temperature difference
between the turbine exhaust and compressed air, limiting heat recovery through the
regenerator. This behavior is consistent with published studies on regenerative
Brayton cycles, which report diminishing gains under hot-climate operation due to
finite temperature differences and thermodynamic pinch-point constraints that
inherently restrict maximum heat-transfer effectiveness.

4.3. Influence of Regenerator Effectiveness on Cycle Performance

Increasing regenerator effectiveness (&) enhances thermal efficiency because a larger
fraction of the turbine exhaust thermal energy is recovered to preheat the
compressed air before combustion, thereby reducing the external fuel energy
required to reach the prescribed turbine inlet temperature. Consequently, fuel
consumption and specific fuel consumption decrease as a greater proportion of the
available exhaust exergy is reutilized within the Brayton cycle. However, the
incremental performance gains diminish at higher effectiveness values because the
temperature difference between the exhaust gas and compressed air progressively
decreases, reducing the driving force for heat transfer in accordance with second-
law thermodynamics. Accordingly, € = 0.80 is adopted as a representative high-
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effectiveness value because it provides substantial heat recovery while avoiding the
increasingly severe temperature-pinch, heat-transfer-area, pressure-loss, and cost
penalties associated with effectiveness values approaching unity. This finite
temperature difference imposes an inherent limit on heat recovery, making perfect
regeneration unattainable due to unavoidable entropy generation and irreversible
heat exchange. From an engineering perspective, increasing ¢ beyond
approximately 0.80 requires disproportionately larger heat-transfer surfaces,
resulting in higher capital cost, additional pressure losses, and increased system
complexity. These trends are consistent with industrial regenerative gas turbine
practice, where moderate effectiveness values are generally preferred to balance
thermodynamic performance and economic feasibility, indicating that ¢ = 0.80
represents a practical target for retrofit applications in existing heavy-duty gas
turbine installations.

4.4. Annual Performance Under Representative Libyan Climatic Conditions

Annual weighting is essential because gas turbines operate under continuously
varying climatic conditions rather than at a single design-point temperature, making
annual performance dependent on the frequency and duration of each ambient-
temperature condition. The meteorologically weighted approach therefore provides
a more realistic assessment of long-term operation by integrating performance over
the complete annual temperature distribution. Intermediate temperature bins
contribute most to annual performance because they occur for the greatest number
of operating hours, whereas extreme winter and summer conditions, despite their
influence on instantaneous performance, represent a smaller fraction of the annual
operating period. Consequently, annual performance differs from design-point
predictions, as cumulative energy production, fuel consumption, and thermal
efficiency are governed by the statistical distribution of ambient conditions instead
of isolated operating states. This methodology provides a more representative basis
for evaluating long-term fuel utilization and operational efficiency, enabling utilities
to quantify the practical benefits of regenerative retrofits under realistic climatic
conditions. Such information supports maintenance scheduling, fuel procurement,
and generation planning while improving the reliability of investment decisions. For
electric utilities operating in hot-climate regions, annualized assessments provide a
stronger foundation for optimizing plant performance, reducing operating costs,
and enhancing long-term energy security.

4.5. Environmental Implications of Regeneration

The reduction in annual carbon dioxide emissions is a direct consequence of lower
fuel consumption, since CO, formation from methane combustion is governed
primarily by the carbon mass balance under complete-combustion conditions. By
recovering turbine exhaust heat to preheat the compressed air, the regenerative cycle
reduces the external heat input required to achieve the prescribed turbine inlet
temperature and consequently lowers the required fuel flow. For the representative
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climatic conditions considered in this study, the reduction in fuel consumption
results in an annual CO, avoidance of approximately 75,381 tonnes relative to the
simple-cycle configuration. Therefore, regeneration provides a direct pathway for
reducing the carbon intensity of electricity generation without altering the
fundamental operating principle of the gas turbine. These results demonstrate that
regenerative retrofits can contribute to decarbonization by improving fuel
utilization and reducing greenhouse-gas emissions from existing natural-gas-fired
generation assets.

4.6. Engineering Significance, Practical Implications, and Future Research

This study contributes scientifically by providing a meteorologically weighted
thermodynamic assessment of regenerative gas turbine performance under
representative hot-climate operating conditions, extending conventional design-
point analyses to annual operational evaluation. The results demonstrate that
regeneration is an attractive retrofit option for existing GT13DM units because it
significantly improves fuel utilization and thermal efficiency without requiring
major modifications to the core turbomachinery. Such improvements can reduce
operating costs, lower natural gas consumption, and decrease carbon emissions,
thereby strengthening energy security in Libya by improving the efficiency of
existing generating assets. The proposed methodology is also applicable to other
heavy-duty gas turbines operating in hot-climate regions with similar
environmental conditions. However, the present model is limited by its steady-state
thermodynamic formulation and does not account for transient operation,
component degradation, detailed combustion chemistry, or economic optimization,
which should be addressed in future investigations.

5. Conclusion

This study evaluated the thermodynamic and environmental impacts of integrating
a regenerator into the GT13DM gas turbine at the Southern Tripoli Power Plant.
Moving beyond standard discrete-point Brayton cycle analyses, this research
integrated steady-state thermodynamic modeling with high-resolution, site-specific
meteorological weighting to provide a realistic assessment of retrofit feasibility in
hot-climate regions. The principal findings are as follows:

Elevated ambient temperatures severely penalize the GT13DM. As temperatures
rise from 16.21°C to 39.40°C, density-driven mass flow reductions cause an 18.54%
derating in net power output, exacerbating grid vulnerabilities during peak summer
demand.

The RGT configuration consistently outperforms the SGT by recycling exhaust heat.
However, the relative efficiency advantage narrows from 16.49% in winter to 10.08%
in summer due to a thermodynamic pinch effect at the regenerator, as elevated
compressor discharge temperatures reduce the available heat recovery gradient.
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When weighted against the specific climatic profile of Southern Tripoli, the RGT
retrofit increases the annualized thermal efficiency from 28.20% to 32.02% and
reduces specific fuel consumption by 11.95%. This translates to massive operational
savings, conserving 27.51 million kg of natural gas annually.

The improved energy conversion effectiveness prevents the emission of over 75,381
tons of CO; per year. While leaner combustion conditions (¢ 4,nuq; drops from 0.2727
to 0.2349) suggest favorable tendencies for CO reduction, the elevated combustor
inlet temperatures highlight the necessity for careful NOx management during
implementation.

Ultimately, these findings confirm that retrofitting existing gas turbine
infrastructure with regenerators is a highly viable strategy. For the Libyan power
sector, it offers a pragmatic, data-supported pathway to offset the adverse efficiency
effects of hot climates, reduce fuel supply chain burdens, and advance grid

sustainability without the prohibitive capital costs of combined-cycle infrastructure.

Nomenclature
Symbol Definition Unit
AFR Air-to-fuel ratio kg air/kg fuel
AFR nuai Annual weighted air-to-fuel ratio kg air/kg fuel
AFRich Stoichiometric air-to-fuel ratio kg air/kg fuel
EF Carbon dioxide emission factor for methane kg CO./kg
€02 combustion CH,
Freq; Occurrence frequency of ambient-temperature bin i days
Fuelppualkg  Annual fuel consumption kg/year
Fuelg,ying  Annual fuel-saving percentage %
h Specific enthalpy kJ/kg
hy Specific enthalpy of the fuel kJ/kg
Hours, ﬁ,izniual operating hours associated with temperature h
i Ambient-temperature-bin index —
LHVcy, Lower heating value of methane fuel kJ/kg
m, Compressor inlet air mass flow rate kg/s
my Fuel mass flow rate supplied to the combustor kg/s
My reg Fuel mass flow rate for the regenerative cycle kg/s
my Total combustion-gas mass flow rate kg/s
. Total combustion-gas mass flow rate for the
Mgreg regenerative cycle kg/s
meo, Carbon dioxide mass emission rate kg/s
N Number of ambient-temperature bins —
P Absolute pressure at a thermodynamic state kPa
Pamb Ambient atmospheric pressure kPa
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Pgreg Fractional pressure-loss coefficient of the regenerator —
Oin Combustor thermal energy input rate kW
. Combustor thermal energy input rate for the
Qinreg regenerative cycle kW
Qsaved Recovered thermal energy rate kW
Ty Compressor pressure ratio —
Rair Specific gas constant for dry air J/kg-K
s Specific entropy kJ/kg-K
SFC Specific fuel consumption kg/kWh
T Absolute thermodynamic temperature K
T, Ambient air temperature °CorK
Ty Fuel delivery temperature K
TIT Turbine inlet temperature °C
14 Compressor inlet volumetric flow rate m?/s
Weight, Eirimalized climatic weighting factor for temperature B
W comp Compressor power consumption kW
W et Net cycle power output kW
Wnet,annual Annual net electrical work/output kWh or MWh
Whetreg Net cycle power output for the regenerative cycle kW
Wurb Turbine power output kW
W turb,reg Turbine power output for the regenerative cycle kW
CO;zannuaiset  Annual CO; emissions from the simple gas turbine ton/year
€03 anmuat RGT Ann-ual CO, emissions from the regenerative gas fon/year
turbine
ACO;zapnual Annual CO, emissions reduction ton/year
CO2 eduction  CO: reduction percentage %
AFuel a1 Annual fuel savings ton/year
€ Regenerator effectiveness —
N Compressor isentropic efficiency —
N comb Combustion efficiency —
¢ Turbine isentropic efficiency —
Nih Thermal efficiency of the cycle —
Nth,reg Thermal efficiency of the regenerative cycle —
Nthermalannual Annualized thermal efficiency —
()] Equivalence ratio —
®annual Annual weighted equivalence ratio —
p Fluid density kg/m?
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