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ABSTRACT

The Marib gas turbine power plant in Yemen currently operates on a simple Brayton cycle,
releasing high-temperature exhaust gases without recovery, resulting in substantial energy
losses and elevated CO: emissions. This study proposes an integrated Brayton—Organic
Rankine Cycle (BC—ORC) configured to capture and utilize this waste heat, improving
performance and environmental sustainability. In the proposed system, the Brayton cycle serves
as the topping cycle, while an organic Rankine cycle using toluene as the working fluid operates
as the bottoming cycle, driven by the gas turbine exhaust gases. A steady-state thermodynamic
model was developed using Engineering Equation Solver (EES) to evaluate the integrated
system. Energy and exergy analyses were conducted for each component and the overall cycle.
Parametric studies examined the effects of Brayton cycle pressure ratio (Pr), ORC turbine inlet
temperature, and ORC turbine inlet pressure on net power output, efficiencies, and specific CO-
emissions. Results show that integrating the ORC increases total net power output from 138.4
MW (BC only) to 195.9 MW, a 41.5% improvement. Thermal efficiency rises from 30.87% to
43.71%, and exergy efficiency from 29.81% to 42.21%, specific CO: emissions decrease by
approximately 29%, from 639.1 to 451.3 kg/MWh. Parametric analysis indicates that moderate
Pr values (6-10) provide the best balance between high net output and efficiency, higher ORC
turbine inlet temperature enhances ORC contribution and slightly reduces emissions, while
ORC turbine inlet pressure variation within 2000-3000 kPa has a negligible impact on
performance. The findings demonstrate that implementing an integrated Brayton—-ORC waste
heat recovery system in the Marib power plant is a practical and cost-effective approach for
enhancing Yemen'’s electricity generation efficiency and reducing its environmental footprint.

Keywords: Brayton Cycle, Organic Rankine Cycle, Waste Heat Recovery, CO2 Emissions,

Yemen, Marib Power Plant.



EMEN’DEKI MARIB GAZ TURBINI SANTRALININ VERIMLILIGINi ARTIRMAK
VE EMISYONLARI AZALTMAK iCIN BRAYTON-ORGANIK RANKINE
CEVRIMI ILE YOKSELTILMESI

OZET

Yemen’deki Marib gaz tlirbini santrali halihazirda basit bir Brayton c¢evrimiyle ¢aligsmakta,
yiiksek sicakliktaki egzoz gazlarini geri kazanim yapmadan atmosfere birakmakta ve bu durum
onemli enerji kayiplaria ve yiiksek CO: emisyonlarina yol agmaktadir. Bu ¢alisma, bu atik
1sinin geri kazanilmasini saglamak ve performans ile ¢evresel siirdiiriilebilirligi iyilestirmek
amaciyla, Brayton—Organik Rankine Cevrimi (BC—ORC) entegre edilmis bir sistem
onermektedir. Onerilen sistemde Brayton gevrimi iist cevrim olarak gorev yaparken, Organik
Rankine Cevrimi alt ¢evrim olarak toliien ¢alisma akiskaniyla ¢aligmakta ve gaz tiirbininin
egzoz gazlartyla tahrik edilmektedir. Entegre sistemi degerlendirmek amaciyla Engineering
Equation Solver (EES) kullanilarak kararli durum termodinamik modeli gelistirilmistir. Her bir
bilesen ve genel ¢evrim icin enerji ve ekserji analizleri yapilmistir. Parametrik calismalar,
Brayton ¢evrimi basing orani, ORC tiirbini girig sicakligi ve ORC tiirbini girig basincinin net
giic ¢ikist, verimler ve 6zgiil CO2 emisyonlar iizerindeki etkilerini incelemistir. Sonuglar, ORC
entegrasyonunun toplam net gii¢ ¢ikisin1 138,4 MW’tan (yalnizca BC) 195,9 MW’a ¢ikardigini,
bunun %41,5’lik bir artis anlamina geldigini gostermektedir. Termal verim %30,87 den
%43,71’e, ekserji verimi ise %29,81°den %42,21°e yiikselmistir. Ozgiil CO. emisyonlari
yaklagik %29 oraninda azalmis, 639,1°den 451,3 kg/MWh degerine diigmiistiir. Parametrik
analiz, orta diizeydeki Pr degerlerinin (6—10) net gii¢ ¢ikis1 ve verim arasinda en iyi dengeyi
sagladigini, ORC tiirbini giris sicakligiin artirilmasimnin ORC katkisini yiikseltip emisyonlari
hafifce azalttigini, 20003000 kPa araligindaki ORC tiirbini giris basinci degisiminin ise
performans iizerinde ithmal edilebilir bir etki yarattigini gostermektedir. Bulgular, entegre bir
BC-ORC atik 1s1 geri kazanim sisteminin Marib santralinde uygulanmasinin, Yemen’in elektrik
dretim verimliliini artirmak ve c¢evresel etkisini azaltmak i¢in pratik ve maliyet etkin bir
yaklagim oldugunu ortaya koymaktadir.

Anahtar Kelimeler: Brayton Cevrimi, Organik Rankine Cevrimi, Atik Is1 Geri Kazanimi, CO-

Emisyonlari, Yemen, Marib Enerji Santrali.

1. INTRODUCTION

As traditional power sources are increasingly used, energy security and environmental

implications are vital concerns. Combined systems efficiently generate additional power from



one fuel source (Islam et al., 2014; Alfaris et al., 2024). These systems use waste heat to produce
additional power and reduce greenhouse gas emissions (Axelsson et al., 2003; Ahmed et al.,
2022). This integration reduces operating carbon footprint and increases energy efficiency,
meeting global sustainability targets (Baleta et al., 2019; Liu et al., 2015). Combined systems
are more efficient than traditional power generation, which wastes heat (Alfaris et al., 2025).
They create additional power from one fuel source (Akroot and Al Shammre, 2024). The heat
loss of conventional methods is eliminated (Olabi et al., 2020). The heat from power generation,
usually lost, drives the system. Combined system converts waste heat into power using an
organic Rankine cycle (ORC) (Sun et al., 2017; Tchanche et al., 2011). This clever integration
increases energy production efficiency and reduces environmental effects (Sun et al., 2017;
Talal and Akroot, 2023). The combined system requires a gas turbine or engine to generate
electricity. This process generates much heat, which would otherwise be lost to the atmosphere.
Heat recovery devices recuperate this wasted thermal energy in the combined systems (Chen et
al., 2022; Talal and Akroot, 2023).

In the 21st century, the pursuit of sustainable, low-carbon energy is crucial to addressing climate
change, necessitating the adoption of cleaner and more efficient technologies to minimize fossil
fuel use and environmental harm (Kabeyi and Olanrewaju, 2022; Chen et al., 2022). To meet
this challenge, research has increasingly focused on developing multi-energy systems that
integrate diverse energy carriers—such as natural gas, electricity, and heat. These systems offer
a promising pathway to deliver sustainable, efficient, and environmentally friendly energy by
combining various energy subsystems. (Talal and Akroot, 2024) Several studies in the literature
have explored combined heat and power (CHP) systems utilizing gas turbine engines (Dobre et
al., 2024; Balli et al., 2021; Pilavachi, 2000). Bagherzadeh et al. (Bagherzadeh et al., 2020)
proposes enhancing Brayton cycle performance using compressed air and organic Rankine
cycles, identifying optimal compression ratios and working fluids, with R123 yielding the
highest efficiencies and isopentane causing the least exergy destruction. Zare and Hasanzadeh
(Zare and Hasanzadeh, 2016) utilized the Brayton cycle as the foundation of the power
generation system and found that it could enhance exergy efficiency by over 30% for the entire
power plant. Pan et al. (Pan et al., 2020) introduced a GT-SCO2/ORC cogeneration system using
gas turbine exhaust heat for improved efficiency. The system achieves energy and exergy
efficiencies of 56.47% and 45.46%. Optimizing parameters like air compressor pressure ratio,
gas turbine isentropic efficiency, and inlet temperature enhances thermodynamic and economic
performance. Ochoa et al. (Ochoa et al., 2020) optimized a supercritical CO: Brayton and
SORC system using PSO, showing that reheating reduces exergy destruction by 92.28% and



improves thermal efficiency to 56.95%. Bian et al. (Bian et al., 2025) proposed integrating ORC
and Brayton cycles for hydrogen liquefaction, improving efficiency with a 3.7% SEC reduction,
47.62% exergy efficiency, and eliminating the need for a hydrogen converter—offering a cost-
effective, energy-efficient solution for clean energy applications. Abrosimov et al. (Abrosimov
et al., 2020) analyzed an inverted Brayton cycle combined with an organic Rankine cycle (IBC-
ORC) for high-temperature waste heat recovery from engine exhaust gases. Using Aspen
HYSYS software and a 1.4 MW gas-fueled engine case, the system’s performance was
optimized under various ambient temperatures. Kareem et al. (Kareem et al., 2023) analyzed
the exergy—economic performance of integrating Brayton and Organic Rankine cycles at Taji
station in Baghdad to recover waste heat and reduce emissions. Results show the GSO CC
system generates 258.2 MW with higher efficiencies (44.37% energy, 42.84% exergy)
compared to the Brayton cycle alone (28.74% and 27.75%). Ismael et al. (Ismael et al., 2022)
analyzed an organic Rankine cycle (ORC) integrated with a Brayton cycle using intercooling,
reheating, and regeneration (BCIRR). Results show that increasing turbine inlet temperature
boosts net power output and thermal efficiency. The combined cycle's efficiency is 11.7%
higher than the Brayton cycle alone, and the ORC contributes about 28,650 kW of net power.

While previous studies have examined the integration of Brayton and Organic Rankine Cycles
(ORC) for waste heat recovery and efficiency improvement in power generation systems, there
remains a lack of applied research focusing on real-world gas turbine plants in conflict-affected
and resource-constrained regions. This study is the first to propose and thermodynamically
analyze a hybrid Brayton—ORC system specifically designed for the Marib gas turbine power
plant in Yemen. By using toluene as the ORC working fluid and applying a steady-state
simulation in Engineering Equation Solver (EES), the research provides a tailored, practical
solution that significantly enhances both energy and exergy efficiency while reducing CO-
emissions by nearly 30%. Unlike previous general or theoretical models, this work offers a
region-specific, implementable strategy to upgrade an existing power facility, demonstrating
both technical feasibility and environmental benefit under the unique constraints of Yemen’s

energy infrastructure.

2. MATERIAL AND METHODS

This study develops and analyzes a hybrid Brayton Cycle—Organic Rankine Cycle (Brayton—
ORC) system as an upgrade to the existing gas turbine power plant in Marib, Yemen. The

current plant operates using a simple gas turbine cycle, which releases high-temperature exhaust



gases directly to the atmosphere. Figure 1 illustrates the thermodynamic configuration of a
hybrid Brayton—ORC system, designed to enhance energy recovery by integrating a Brayton
cycle (top cycle) with a bottoming ORC. The proposed system consists of a simple Brayton
cycle (BC) as the topping cycle, with an organic Rankine cycle (ORC) as the bottoming cycle
for waste heat recovery. The BC generates primary power through gas turbine operation, while
the ORC produces additional electricity by utilizing the high-temperature exhaust gases from
the BC. This configuration maximizes energy utilization and improves overall thermal
performance.

The integration of an ORC bottoming cycle ensures better utilization of waste heat from the
Brayton cycle, increasing the overall thermal efficiency of the system. Using Toluene as the
ORC working fluid provides a wide operational temperature range, improving heat recovery
from the HRVG. The system configuration allows dual power generation (from both GT and
ORT) with minimal fuel consumption. Ambient air is compressed to a high pressure (stream 2)
in three parallel compressors, which improves combustion efficiency. Fuel is injected and
combusted with the compressed air (stream 2), producing high-temperature flue gases (stream
3). The hot gases expand in three parallel gas turbines (stream 4 — stream 5), generating
mechanical power that drives an electric generator (G). The exhaust gases from the Brayton
cycle (stream 5) pass through the HRVG, transferring waste heat to the ORC working fluid
(Toluene), which is circulated on the ORC side (stream 6). The vaporized working fluid
expands in the ORC turbine (stream 7 — stream 8), producing additional power via another
generator (Q), thereby utilizing heat that would otherwise be lost. The partially cooled working
fluid (stream 8 — stream 9) preheats the returning liquid (stream 11) before entering the
condenser, improving cycle efficiency by reducing energy input requirements. The working
fluid (stream 9 — stream 10) rejects heat to the cooling medium (stream 13 — stream 14),
condensing it into a liquid state. The liquid working fluid (stream 10 — stream 11) is pumped

back to the HRVG to close the cycle.
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Fig. 1. Schematic diagram of the proposed hybrid Brayton—-ORC power generation system
implemented in Marib, Yemen.

The thermodynamic analysis of the combined cycle incorporates several assumptions, as

outlined below (Akroot and Faraj, 2025; Akroot, 2025):

. The system operates under steady-state thermodynamic conditions.
. Air and combustion gases in the Brayton cycle are treated as ideal gases.
. The fuel entering the combustion chamber is natural gas, specifically 100% methane,

with a lower heating value (LHV) of 50,056 kJ/kg.

. Pressure drops in heat exchangers (HRVG, regenerator, condenser, etc.) are considered
negligible.

. The Brayton cycle uses air as the working fluid, and the ORC uses toluene.

. Saturated vapor is used as the working fluid entering the organic Rankine turbine.

3. RESULTS AND DISCUSSION

The results section presents a comprehensive evaluation of the integrated Brayton—-ORC
system, focusing on how key operating parameters influence power output, efficiency, and
environmental performance. The analysis examines the effects of the Brayton Cycle (BC)
pressure ratio, as well as the ORC turbine inlet temperature and pressure, on the thermodynamic

behavior of both the standalone BC and the combined cycle. Table 1 presents the key operating



parameters used for simulating the integrated Brayton—ORC system for the Marib gas turbine

plant.

Table 1. Input Parameters for the Thermodynamic Simulation of the Brayton—-ORC System in
Marib Gas Turbine Power Plant

Parameter Value
Compressor pressure ratio 10.5
Ambient temperature (°C) 26
Ambient pressure (°C) 101.3
Lower heating value of fuel(kJ/kg) 50056
Inlet air mass flow rate (kg/s) 501
Isentropic efficiency of the compressor (%) 85
Isentropic efficiency of gas turbine 89
Outlet temperature of gases from CC (K) 1350
The pressure of the ORF at the inlet of HRVG (kPa) 2800
Isentropic efficiency of the ORT 81
Outlet temperature of Condenser (°C) 35.8

Table 2 summarizes the key performance outcomes of the integrated Brayton—ORC system
modeled for the Marib gas turbine plant. The results indicate that with a fuel mass flow rate of
9 kg/s and a toluene mass flow rate of 330.9 kg/s, the Brayton Cycle (BC) generates 138.4 MW,
while the organic Rankine cycle (ORC) contributes an additional 57.56 MW, yielding a total
net power output of 195.9 MW. Thermal efficiency improves from 30.87% in the standalone
BC to 43.71% of the combined system. Similarly, exergy efficiency rises from 29.81% to
42.21%, reflecting the effective recovery of waste heat. The total exergy destruction is 253.1
MW, with significant reductions in CO: emissions: from 639.1 kg/MWh for the standalone BC
to 451.3 kg/MWh in the integrated system, demonstrating the environmental advantage of waste

heat recovery.

Table 2. Performance Results of the Integrated Brayton—-ORC Waste Heat Recovery System
for the Marib Gas Turbine Plant

Calculated Parameters Value
Fuel mass flow rate. myg,q (kg/s) 9

Toluene mass flow rate, Mroyene (kg/s) 330.9
CO, mass flow rate, Mrouene (kg/s) 24.57
Brayton cycle net power, Wge (MW) 138.4

ORC net power, Worc (MW) 57.56



Brayton -ORC cycle net power, Wyor (MW) 195.9

Thermal efficiency for Brayton -ORC cycle, Ny, cycle (%) 43.71
Thermal efficiency for BC, nyy, gc (%) 30.87
Exergy efficiency for Brayton -ORC cycle, Nex cycle (%) 42.21
Exergy efficiency for BC, ney gc (%) 29.81
Exergy destruction,ED,Total (MW) 253.1
COz emission for Brayton -ORC cycle, Emissionye (kgco, / MWh) 451.3
CO; emission for Brayton cycle, Emissiongc (kgco, /MWh) 639.1

Table 3 represents the energy and exergy analysis for each major component of the integrated
Brayton—ORC system in the developed model. The combustion chamber exhibits the highest
energy input (448.23 MW) but also the largest exergy destruction (149.7 MW), accounting for
the greatest irreversibility in the system due to chemical reaction losses. The heat recovery
vapor generator (HRVG) is another major contributor to exergy destruction (42.61 MW)
because of the large temperature difference between the exhaust gases and the ORC working
fluid. The gas turbine shows a high exergy efficiency (95.5%), indicating effective energy
conversion with minimal losses. Similarly, the air compressor achieves 91.17% exergy
efficiency, reflecting efficient compression. The organic Rankine turbine also performs well
with 84.97% efficiency. Conversely, the condenser has the lowest exergy efficiency (29.66%),
as it rejects low-grade heat to the environment. The pump has the smallest exergy destruction

(0.255 MW) and relatively high efficiency (82.36%).

Table 3. Energy and Exergy Distribution Across Components in the Brayton—-ORC Waste Heat
Recovery System

Component W OR Q Egest b 4
(MW) MW) (%)
Air Compressor 172.1 13.48 91.17
Combustion chamber 448.23 149.7 75.97
Gas turbine 310.5 14.65 95.5
HRVG 229.05 42.61 65.19
Organic turbine 58.92 10.42 84.97
Regenerator 50.55 2.52 77.43
Condenser 137.14 6.37 29.66
Pump 1.37 0.255 82.36

Figures 2 illustrates the influence of the Brayton Cycle (BC) pressure ratio (Pr) on the

performance of the integrated Brayton—ORC system, considering the net power output, CO2



emissions, and thermal and exergy efficiencies. The results indicate that moderate Pr values
(around 6-10) offer the best trade-off between maximizing total net power output and achieving
substantial efficiency gains while maintaining low CO: emissions. Higher Pr improves
standalone BC efficiency and reduces emissions, but comes at the expense of ORC performance
and total output. Figure 2a illustrates the effect of the Brayton Cycle (BC) pressure ratio (Pr)
on the net power outputs of the overall system (W, ), the BC (Wp.), and the ORC (W, x.) in
the hybrid Brayton-ORC configuration. Overall system output (W,,,,) starts at its highest value
of 205.7 MW when Pr=6, then decreases almost linearly to 169.3 MW at Pr=18. The reduction
is driven primarily by the decline in ORC power as Pr increases. BC output (Wp.) initially
increases from 132.2 MW at Pr=6 to a peak of 138.7 MW at Pr=9, due to improved compression
and expansion efficiencies at moderate pressure ratios. Beyond this point, turbine power gains
are offset by increased compressor work, leading to a gradual decline to 125 MW at Pr=18.
ORC output (Wyrc) shows a steady decrease from 73.49 MW at Pr=6 to 44.33 MW at Pr=18.
This drop occurs because higher BC pressure ratios reduce the exhaust gas temperature and
enthalpy available at the HRVG, limiting waste heat recovery potential. Even though BC work
increases slightly at first, the reduction in ORC power dominates, Figure 2b shows the effect of
the Brayton Cycle (BC) pressure ratio (Pr) on CO: emissions for the standalone BC
(Emissiongc) and the combined Brayton-ORC system (Emissiongyje). This trend highlights

that integrating the ORC not only boosts power output but also achieves substantial
environmental benefits by lowering specific CO: emissions. The advantage is most significant
at lower pressure ratios, making moderate Pr values (6—10) particularly attractive for balancing
high efficiency with reduced emissions in the Marib gas turbine plant upgrade. For all pressure
ratios, the combined Brayton—-ORC system produces significantly lower CO: emissions
compared to the standalone BC, due to improved fuel utilization and waste heat recovery. At
Pr=6, CO: emissions are 755.8 kg CO/MWh for BC alone, but only 485.7 kg CO/MWh for
the combined cycle, a 35.7% reduction. As Pr increases, CO: emissions from both systems
gradually decline, reaching 601.9 kg CO/MWh for BC alone and 444.3 kg CO/MWh for the
combined cycle at Pr=18. The rate of reduction is more pronounced at lower pressure ratios;
beyond Pr=14, the emission values for both configurations stabilize, indicating diminishing
returns from further pressure ratio increases. resulting in an overall decline in W,,,, from 205.7
MW to 169.3 MW. Maximum total net power occurs at Pr = 6; beyond that, total efficiency
drops due to reduced ORC recovery. Figure 2¢ shows the variation of thermal efficiency (1)

and exergy efficiency (1ex) for both the standalone BC and the combined Brayton—ORC system



as a function of the Brayton cycle pressure ratio (Pr). The combined system achieves an absolute
efficiency improvement of about 14—15 percentage points in thermal and exergy efficiencies
over the BC alone at all pressure ratios. Efficiency gains are most pronounced at lower Pr
values, where higher exhaust gas temperatures benefit the ORC. Although BC efficiency
improves at higher Pr, the ORC gain is reduced due to lower exhaust heat availability. For the
Marib power plant upgrade, operating in a moderate Pr range (around 10—-14) strikes a good
balance between maximizing BC efficiency and maintaining strong ORC performance,
achieving high combined-cycle efficiency with reduced environmental impact. BC thermal
efficiency (e, gc) increases from 26.1% at Pr=6 to 32.78% at Pr=18, reflecting improved cycle
performance with higher pressure ratios, while BC exergy efficiency (Nex gc) follows a similar
trend, rising from 25.21% to 31.65%. Thermal efficiency for the combined Brayton—ORC
(MNth,cycle) starts at 40.62% when Pr=6 and peaks at 44.49% around Pr=15-16, showing a
modest gain at higher pressure ratios but with diminishing returns beyond Pr=14 , whereas the
exergy efficiency (Nex cycle) improves from 39.22% to 42.98% over the same range, remaining

consistently higher than the BC alone due to effective waste heat recovery in the ORC.
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Fig. 2. Effects of the BC’s pressure ratio in a combined Brayton—ORC System on (a) net

power output (b) CO2 emission and (c) thermal and exergy efficiencies.

Figures 3 presents the effect of the ORC turbine inlet temperature (Tg) on the performance of
the integrated Brayton—ORC system, considering the net power output, CO- emissions, and
thermal and exergy efficiencies. The results present that raising Ts improves ORC and total
system performance, slightly boosts overall efficiencies, and reduces CO: emissions for the
combined cycle, without impacting BC output. However, practical constraints such as the
thermal stability limits of the working fluid (toluene) must be considered when selecting the
optimal inlet temperature. Figure 3a shows the effect of ORC turbine inlet temperature (Tg) on
the net power outputs of the Brayton Cycle (W BC), the ORC (W), and the combined system
(W,.0). Raising T8 significantly enhances ORC output and slightly boosts total system
performance, without affecting BC power. As expected, BC power output (Wg.) remains
constant at 138.4 MW across the whole temperature range (570—600 K) because the BC
operation is independent of the ORC inlet temperature. ORC power output (W) increases
linearly from 57.56 MW at 570 K to 61.48 MW at 600 K. This is due to the greater specific
enthalpy drop across the ORC turbine at higher inlet temperatures, which increases the available
expansion work. Total net power output (W,,,;) rises from 195.9 MW at 570 K to 199.9 MW at
600 K. The ~4 MW gain is directly attributed to the improved ORC performance, since BC
output remains unchanged. Figure 3b presents the effect of ORC turbine inlet temperature (Ts)
on CO: emissions for the standalone Brayton Cycle (BC (Emissiongc) and the combined

Brayton—-ORC system (Emissiongyje). While the improvement in CO: emissions with rising



Tg is modest, it confirms that operating the ORC at higher turbine inlet temperatures enhances
environmental performance by increasing waste heat utilization efficiency. Standalone BC
emissions (Emissiongc) remain constant at 639.1 kg CO/MWh across the entire range of Tg
(570-600 K), since ORC inlet temperature does not influence BC fuel consumption or
operation. Combined cycle emissions (Emissiongyce) decrease slightly from 451.3 kg
CO2/MWh at 570 K to 442.5 kg CO2/MWh at 600 K. This ~2% reduction is directly linked to
the increase in ORC power output at higher Ts, which increases the total electricity generated
without increasing fuel input, thereby lowering the specific emissions per unit of electricity.
Figure 3¢ shows the effect of the ORC turbine inlet temperature (Tg) on the thermal efficiency
(M) and exergy efficiency (1) of both the standalone Brayton Cycle and the combined
Brayton—ORC system. The results indicate that raising Ts has a positive but limited effect on
combined cycle efficiency, while it does not affect the BC alone. This suggests that while higher
ORC inlet temperatures are thermodynamically beneficial, the magnitude of efficiency
improvement is constrained by the finite temperature difference between the BC exhaust gases
and the ORC working fluid, as well as the fixed performance of the BC. Both (0, g¢) and
(Nex,c) remain constant at 30.87% and 29.81%, respectively, for the entire Ts range (570600
K). This constancy is expected because BC efficiency is unaffected by ORC operating
temperature, as there is no change in the BC’s thermodynamic states or fuel consumption.
Thermal efficiency of the combined cycle (M cycle) increases slightly from 43.71% at 570 K
to 44.59% at 600 K, and the exergy efficiency (Nex cycle) improves from 42.21% to 43.05% over
the same range. The improvements, though modest (less than one percentage point), are
consistent and result from higher ORC power generation at elevated inlet temperatures, which

increases the proportion of waste heat converted into practical work.
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Fig. 3. Effects of the of ORC turbine inlet temperature in a combined Brayton—ORC system

on (a) net power output (b) CO2 emission and (c) thermal and exergy efficiencies.

Figures 4 present the influence of the organic Rankine cycle (ORC) turbine inlet pressure (Ps)
on the performance of the integrated Brayton—ORC system, focusing on power output, CO:
emissions, and efficiency. The results demonstrate that, within the studied range of 2000-3000
kPa, ORC inlet pressure has negligible influence on the combined cycle’s power output,
specific CO: emissions, or efficiency. This indicates a broad operational flexibility in selecting
Ps. Figure 4a shows the effect of ORC turbine inlet pressure (Ps) on the power outputs of the
Brayton Cycle (Wg(), ORC (W), and the total combined system (W,,,,). The results indicate



that the system operates in a relatively stable zone for the studied range of ORC turbine inlet
pressures, where neither BC nor ORC power is significantly impacted. This stability suggests
operational flexibility in choosing Ps without significant penalties in net output. However,
slightly lower inlet pressures (around 2000-2400 kPa) produce marginally higher total power
and may be preferable for maximizing energy recovery while potentially reducing mechanical
stress on the ORC turbine. BC power output (Wp) remains constant at 138.4 MW across the
entire inlet pressure range (2000-3000 kPa). This is expected because the BC operation is
independent of the ORC inlet pressure. ORC power output (Wyrc) is nearly constant,
fluctuating slightly between 57.66 MW at 2000 kPa and 57.16 MW at 3000 kPa. This slight
decrease (<0.9%) suggests that the ORC is relatively insensitive to inlet pressure changes within
this range, likely because the temperature difference between the heat source (BC exhaust) and
the working fluid saturation temperature remains adequate for heat transfer. Total net power
(W,¢) changes minimally, from 196 MW at 2000 kPa to 195.5 MW at 3000 kPa, showing a
negligible decline (<0.3%). Figure 4b presents the effect of ORC turbine inlet pressure (Pg) on
CO: emissions for the standalone Brayton Cycle (Emissiongc) and the combined Brayton—
ORC system (Emissionye). The results indicate that ORC turbine inlet pressure does not
significantly impact CO: emissions for the standalone BC or the combined cycle within the
tested range (2000-3000 kPa). Standalone BC emissions remain constant at 639.1 kg
CO2/MWh for all values of Ps. This is expected since ORC inlet pressure does not influence the
BC’s fuel consumption or power output. Combined cycle emissions are also nearly constant,
varying minimally between 450.7 and 452.3 kg CO-/MWh (a fluctuation of less than 0.35%)).
The slight variation is negligible and likely due to minor changes in ORC power output at
different P8 values (as seen in the previous analysis). Figure 4c shows the effect of ORC turbine
inlet pressure (Pg) on the thermal efficiency (1,) and exergy efficiency (ney) for both the
standalone Brayton Cycle and the combined Brayton—ORC system. Standalone BC efficiencies
(Mth,sc and (Nexpc) remain constant across all inlet pressures at 30.87% and 29.81%,
respectively. This is expected since the BC performance is unaffected by ORC inlet pressure
changes. Combined cycle efficiencies (M cycle aNd Nex cycle) also show minimal variation.
Thermal efficiency (Nn,cycle) — Stays between 43.62% and 43.77% and Exergy efficiency
(Nex,cycle) varies slightly from 42.12% to 42.27%. These tiny fluctuations (<0.15 percentage

points) indicate that ORC inlet pressure has an insignificant effect on the overall system

efficiency within the tested range.



250 700
s | . ,
£ 200 o T — %01 S W S —
a [ . ‘\ = [
2 g . §. 600/ —
g 150 N o — e—
g ] x 2 r
2 = 550
D) » L
= [ s
© .
£ 100] 2 »
g £ 500(
I @
£ L ~ L
5 50 8 4s0f
@ [ L
[ =
- L
3 L
2 o 400
1800 2000 2200 2400 2600 280 2000 2200 2400 2600
Pressure at the inlet of the ORT [kPa] Pressure at the inlet of the ORT [kF
(a) (b)
50
:\: 45 i - - - -
= . . . .
2 °
(%}
g [
.g 40
E B O—Mex,Bc MNth,BC
(7}
= —® T MNex,Cy—®mth,Cycle
= L
s 35
> L
(&)
—————
30 SRS SIS SSS——". S S S " Gn— G— S
25

2000 2200 2400 2600 2800 3000 3200
Pressure at the inlet of the ORT [kPal

(©)

Fig. 4. Effects of the of ORC turbine inlet pressure in a combined Brayton—ORC system on

(a) net power output (b) CO> emission and (¢) thermal and exergy efficiencies.

CONCLUSIONS

This study evaluated the integration of an organic Rankine cycle (ORC) with the existing
Brayton cycle (BC) at the Marib gas turbine power plant in Yemen to recover waste heat from
high-temperature exhaust gases. A steady-state thermodynamic model was developed using
Engineering Equation Solver (EES) to perform detailed energy and exergy analyses and
investigate the influence of key operating parameters. The findings confirm that the proposed
Brayton—ORC configuration significantly improves power generation efficiency and reduces
environmental impact while requiring no significant structural changes to the existing system.

The most important results obtained are:



. Net power output increased from 138.4 MW (BC only) to 195.9 MW (Brayton—ORC),
a41.5% gain.

. Thermal efficiency of the Brayton—-ORC cycle improved from 30.87% to 43.71%.

. Exergy efficiency of the Brayton—ORC cycle increased from 29.81% to 42.21%.

. Specific CO: emissions of the Brayton—-ORC cycle reduced by approximately 29%,
from 639.1 kg/MWh to 451.3 kg/MWh.

. Optimal BC pressure ratio (Pr), in a moderate range of 610, achieves the best balance
between total output and efficiency.

. Higher ORC turbine inlet temperature values increase ORC contribution and slightly
reduce emissions.

. Variation of ORC turbine inlet pressure between 2000 and 3000 kPa shows a negligible

impact on performance.

SYMBOLS AND ABBREVIATIONS INDEX

SYMBOLS Abbreviations

COP coefficient of performance AC Air compressor

E exergy (kW) CC Combustion chamber

h specific enthalpy (kJ/kg) CHP Combined heat and power

m mass flow rate (kg/s) Comp compressor

P pressure (kPa) Cond condenser

0 heat transfer (kW) GT Gas turbine

s specific entropy (kJ/kg. K) HEVG Heat recovery vapor
generation

1% Work done (kW) ORC organic Rankine cycle

Greek symbols ORT organic Rankine turbine

] thermal efficiency (%) P pump

P exergy efficiency (%)
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