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ABSTRACT

Gas flaring represents both a loss of potentially valuable fuel energy and a continuing source of greenhouse-gas
emissions, creating a strong incentive for high-efficiency utilisation pathways in hydrocarbon-producing re-
gions. This study develops and thermodynamically verifies a cascaded flare-gas utilisation system integrating a
gas turbine (GT), dual-pressure reheat heat-recovery steam generator (HRSG), steam-turbine (ST) cycle, R245fa
organic Rankine cycle (ORC), and single-effect LiBr/H,0 absorption-refrigeration subsystem. The configuration
is distinguished by two physically segregated downstream heat-recovery pathways: LP-steam condensation heat
supplies the ORC, whereas residual post-HRSG combustion-gas heat supplies the LiBr/H,0 generator through
an intermediate hot-water loop. A steady-state Aspen Plus® V14 model was developed using subsystem-spe-
cific thermodynamic property treatments and evaluated against mass- and energy-balance closure, heat-duty
reconciliation, phase-state, pinch/approach, turbine-moisture, terminal-temperature and stack-temperature
constraints. At the design point, 6.700 kg s™* of methane-equivalent flare gas with an LHV of 44.670 M] kg™*
supplied 299.289 MW of thermal input. The GT, steam cycle and ORC generated 102.484, 44.496 and 3.685 MW
of net electricity, respectively, yielding a thermodynamic-system busbar output of 150.666 MW. The correspond-
ing electricity-only LHV and exergy efficiencies were 50.341% and 47.963%, respectively. The HRSG recovered
148.414 MW from the GT exhaust, while 102.306 MW of LP-steam condensation heat was transferred to the ORC
evaporator. A separate 1.386-MW post-HRSG recovery pathway supplied the LiBr/H,0 generator and produced
0.998 MW of useful refrigeration at a thermal COP of 0.720. The final stack temperature was 167.119 °C, provid-
ing a 17.119-K margin above the imposed 150 °C minimum. The results demonstrate that sequential recovery
can be extended beyond conventional Brayton-Rankine integration when downstream thermal resources are
explicitly segregated and independently reconciled. The proposed architecture therefore provides a thermody-
namically traceable basis for cascaded flare-gas power-and-cooling systems while avoiding duplicate attribution
of recovered heat.

Keywords: Flare-Gas Utilisation; Cascaded Energy Recovery; Combined Cycle; DUAL-PRESSURE HRSG; Organic
Rankine Cycle; R245fa; LiBr/H,0 Absorption Refrigeration; Polygeneration; Waste-Heat Recovery; Aspen Plus

Abbreviations: GT: Gas Turbine; HRSG: Heat-Recovery Steam Generator; ST: Steam-Turbine; ORC: Organic Ran-
kine Cycle; ORCs: Organic Rankine Cycles; HP: High-Pressure; LP: Low-Pressure

Introduction

Gas flaring remains a significant source of avoidable energy loss

lustrating that routine flaring constitutes not only an environmental
problem but also a substantial loss of potentially productive ener-
gy and economic value [1]. The same assessment identifies Russia,

and greenhouse-gas emissions in hydrocarbon-producing regions.
According to the Global Gas Flaring Tracker 2026, approximately
167 billion m® (bcm) of associated gas was flared globally in 2025,
representing the third consecutive annual increase and the highest
global flaring level since 2019 [1]. The estimated economic value of
the gas wasted through flaring was approximately USD 54 billion, il-

Iran, Iraq, Venezuela, Mexico, Libya, Algeria, Nigeria and the United
States as the nine largest flaring countries, collectively accounting for
approximately 83% of global flare volumes [1]. The environmental
significance of flaring extends beyond the carbon dioxide produced
during combustion. Incomplete flare combustion can release un-
burned methane, while flaring also produces black carbon and other
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atmospheric pollutants. The [1] estimates that global flaring in 2025
generated approximately 429 million tonnes of CO,-equivalent emis-
sions, based on a representative flare combustion efficiency of 98%.
Consequently, capturing associated gas that would otherwise be rou-
tinely flared offers a potential pathway for simultaneously recovering
an otherwise wasted fuel resource, supporting energy supply and re-
ducing emissions associated with uncontrolled or inefficient flaring

[1].

Several utilisation pathways are available for captured associated
gas, including reinjection, compressed or liquefied natural-gas pro-
duction, gas-to-liquids conversion and on-site electricity generation
[1]. Among these options, electricity generation is particularly rele-
vant where gas collection, conditioning and power infrastructure can
be established. Gas turbines (GTs) offer high specific power, relatively
compact plant architecture and operational flexibility; however, sim-
ple-cycle operation rejects a substantial fraction of the fuel-derived
energy through high-temperature exhaust gases. Recovery of this ex-
haust energy through a heat-recovery steam generator (HRSG) and
steam Rankine bottoming cycle therefore provides an established
route for improving gas-fired power-plant energy utilisation [2]. The
thermodynamic performance of the HRSG is particularly important
because it determines both the quantity and temperature level of GT
exhaust energy transferred to the steam bottoming cycle. HRSG de-
sign must simultaneously maximise useful heat recovery and main-
tain feasible temperature differences between the cooling exhaust gas
and the water/steam streams. [3] demonstrated that combined-cycle
thermal performance depends strongly on HRSG design and that sys-
tematic optimisation of exchanger arrangement and operating condi-
tions can materially improve heat recovery.

Subsequent exergetic analysis showed that increasing the num-
ber of HRSG pressure levels alters both heat-transfer-related exergy
destruction and stack losses and can produce a tangible improvement
in overall combined-cycle exergy efficiency [4]. Multi-pressure HRSG
configurations are therefore particularly attractive when the available
GT exhaust spans a wide temperature range. By generating steam at
more than one pressure level, the water/steam temperature profile
can be more closely matched to the decreasing exhaust-gas tem-
perature, thereby reducing temperature mismatch and associated
heat-transfer irreversibility [4]. Reheating can additionally improve
steam-turbine expansion performance and help maintain acceptable
exhaust moisture. Nevertheless, increased heat recovery cannot be
considered independently of physical feasibility. [5], in the optimisa-
tion of a dual-pressure reheat combined cycle, explicitly treated pinch
temperature, superheat approach, steam-turbine inlet conditions,
stack temperature and turbine-exhaust dryness as coupled design
constraints. Consequently, HRSG performance should be evaluat-
ed not solely from total recovered duty but also from the local tem-
perature feasibility and steam-quality conditions under which that
recovery is achieved [5]. This requirement is directly relevant to the
present system. At the reconciled design point, the GT exhaust enters

the dual-pressure reheat HRSG at 608.750 °C, and the HRSG recovers
148.414 MW, corresponding to approximately 49.6% of the original
fuel LHV input.

The HP and LP evaporator pinch-temperature differences are
46.714 and 19.627 K, respectively, both exceeding the imposed 12-K
minimum, while the HP and LP economiser approach temperatures
satisfy the specified 8-K minimum. The reported heat recovery is
therefore not obtained at the expense of an infeasible local tempera-
ture crossover. These constraints are consistent with established
HRSG design practice in which energy recovery and heat-exchanger
temperature feasibility must be considered simultaneously [3-5].
Conventional Brayton-Rankine integration, however, does not nec-
essarily exhaust the useful thermodynamic potential of the com-
plete plant. Following steam expansion, a substantial quantity of
low-temperature condensation heat may remain, while combustion
gases leaving the HRSG can retain a smaller residual sensible-heat re-
source. At these lower temperature levels, the thermodynamic prob-
lem changes from maximising conventional steam-cycle recovery to
matching progressively degraded thermal resources with conversion
technologies capable of utilising them effectively. Organic Rankine
cycles (ORCs) and thermally driven absorption refrigeration are two
established technologies for such low-grade heat utilisation [2,6].

ORCs are particularly suited to low- and medium-temperature
heat recovery because organic working fluids can undergo evapo-
ration and expansion at temperature levels for which conventional
steam Rankine cycles become progressively less attractive. Never-
theless, ORC performance depends strongly on heat-source tempera-
ture, working-fluid thermophysical properties, operating pressures,
expander characteristics and heat-rejection conditions. Experimen-
tal evidence therefore shows substantial variation in reported ORC
performance across different heat-source and system configurations.
R245fa has been extensively investigated as an ORC working fluid
because of its favourable thermophysical characteristics for low-tem-
perature applications. Experimental comparison of R245fa with alter-
native organic fluids has confirmed its suitability for low-temperature
recovery while also demonstrating the practical influence of expand-
er performance on overall cycle output [7]. Similarly, [8] experimen-
tally investigated R245fa, R123 and their mixtures for low-grade
waste-heat recovery and reported a maximum generating efficiency
of 4.53%, obtained with an R245fa/R123 mixture. Such experimental
results are important when interpreting very-low-temperature ORCs
because low first-law conversion efficiency does not necessarily im-
ply poor component performance; rather, it can reflect the inherently
low available-work content of a heat source located only modestly
above the heat-rejection temperature [8].

The environmental suitability of the ORC working fluid must
nevertheless be distinguished from its thermodynamic suitability.
Although R245fa has historically been widely used in experimental
and modelling studies of low-temperature ORCs, its relatively high
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global-warming potential has motivated increasing research into low-
er-GWP alternatives. Consequently, the present study retains R245fa
because it forms part of the established and numerically reconciled
design-point model and provides a well-characterised basis for in-
vestigating the proposed thermal architecture. Its inclusion should
therefore be interpreted as a thermodynamic modelling choice rather
than a recommendation for the working fluid of a future commercial
installation. At still lower temperature levels, production of useful
refrigeration can provide a more appropriate thermodynamic sink
than attempting an additional heat-to-electricity conversion stage.
Single-effect LiBr/H,0 absorption refrigeration is particularly suit-
able for low-grade hot-water and waste-heat applications because
water acts as the refrigerant and the LiBr solution as the absorbent,
allowing refrigeration to be produced primarily from thermal rather
than mechanical energy. Single-effect LiBr/H,0 absorption systems
typically exhibit thermal COP values of approximately 0.6-0.75 under
suitable operating conditions, although the achieved performance is
strongly influenced by the generator, absorber, condenser and evap-
orator temperatures, as well as by the associated heat-source and
heat-rejection conditions (Ochoa et al., 2016; Chen et al,, 2018; Sow
& Grosu, 2025).

The present LiBr/H,0 subsystem achieves a design-point thermal
COP of 0.720, which lies within the range commonly reported for sin-
gle-effect absorption systems. The adopted generator hot-water loop
operates between approximately 110 and 95 °C, providing a credi-
ble thermal driving condition for single-effect LiBr/H,0 refrigera-
tion. The absorption subsystem is therefore thermodynamically well
matched to the terminal low-grade sensible-heat resource available
downstream of the HRSG. Previous investigations have demonstrated
the potential advantages of combining ORC and absorption-refriger-
ation technologies with gas-turbine or combined-cycle systems. [6],
for example, analysed a combined GT-ORC-absorption-refrigeration
configuration for combined cooling, heating and power production
and demonstrated that integrated performance is sensitive to ma-
jor GT operating parameters, including compressor pressure ratio
and turbine-inlet temperature. Related studies have likewise shown
that cascading progressively lower-temperature thermal resources
through power and cooling technologies can improve utilisation of
heat that would otherwise be rejected to the environment. However,
the thermal-source architecture of integrated ORC-absorption sys-
tems varies considerably among published studies. Some configura-
tions expose successive bottoming technologies to the same exhaust
stream, whereas others use turbine-exhaust, condenser-rejection or
intermediate-loop heat to supply downstream subsystems.

Consequently, simply stating that multiple subsystems utilise
“waste heat” is insufficient to establish thermodynamic consistency.
The physical source of the heat supplied to each subsystem must be
identified explicitly, particularly when more than one useful product
is credited to the overall plant. This issue creates an important meth-
odological requirement for highly integrated polygeneration systems:

thermal-resource attribution. If an ORC and an absorption subsys-
tem are both described as recovering waste heat without identifying
their respective source streams and heat-transfer interfaces, the same
thermal resource can inadvertently be credited to more than one use-
ful output. Such duplicate allocation can overstate energy utilisation
and obscure violations of the first law even when each subsystem
converges independently in a process simulator. The present con-
figuration was therefore formulated around explicit source-to-sink
segregation. Gas-turbine exhaust first supplies the dual-pressure re-
heat HRSG, where the recovered energy generates HP and LP steam
for the steam-turbine cycle. Following LP-turbine expansion, the re-
sulting steam-condensation heat is transferred through a dedicated
steam-condenser/ORC-evaporator interface to the R245fa ORC. The
ORC therefore receives no direct combustion-gas heat. Separately, the
residual combustion gas leaving the HRSG transfers sensible heat to a
closed hot-water loop, which subsequently supplies the single-effect
LiBr/H,0 generator before final stack discharge.

The ORC and absorption-refrigeration subsystems therefore uti-
lise physically and thermodynamically distinct low-temperature heat
sources. Accordingly, the contribution of the present work does not
lie in the isolated use of a GT, HRSG, steam turbine, ORC or absorp-
tion chiller, since each of these technologies is individually well es-
tablished. Rather, the contribution is the development of a numeri-
cally reconciled, temperature-matched and source-specific cascaded
recovery architecture in which every downstream useful output is
traceable to a unique thermal resource and every major heat-trans-
fer interface is independently verified. This distinction addresses a
fundamental accounting requirement in complex polygeneration sys-
tems: additional useful outputs should be credited only where their
corresponding thermal inputs can be independently identified and
reconciled. On this basis, the present study develops and thermody-
namically verifies a flare-gas-fired GT-dual-pressure reheat HRSG-
ST-R245fa ORC-LiBr/H,0 cascaded energy system. The specific ob-
jectives are to:

i.  Establish a reconciled design-point mass and energy ledger;

ii.  Quantify sequential electrical and thermal recovery across the
GT, steam and organic Rankine subsystems;

iii. Verify the independent LP-steam-to-ORC and post-HRSG-gas-to-
LiBr heat-transfer pathways; and

iv. Demonstrate physical feasibility through mass- and ener-
gy-balance closure, heat-duty reconciliation, pinch/approach,
turbine-moisture, phase-state, and

stack-temperature constraints.

terminal-temperature

Methodology
System Configuration and Modelling Framework

A steady-state thermodynamic model of the integrated system
was developed in Aspen Plus® V14. Aspen Plus was selected because

Copyright@ : Olusegun D Samuel | Biomed ] Sci & Tech Res | BJSTR.MS.ID.010414.

59265


https://dx.doi.org/10.26717/BJSTR.2026.66.010414

Volume 66- Issue 5

DOI: 10.26717/BJSTR.2026.66.010414

it permits rigorous steady-state mass- and energy-balance calcula-
tions while allowing different thermodynamic property methods to
be assigned to chemically and thermodynamically distinct sections
of an integrated process. The model comprises a gas-turbine com-
pressor, combustor and expander; a dual-pressure reheat heat-recov-
ery steam generator (HRSG); high-pressure (HP) and low-pressure
(LP) steam-generation circuits; HP and LP steam turbines; feedwa-
ter pumps; an integrated steam-condenser/R245fa evaporator; an
R245fa pump, turbine and condenser; a post-HRSG gas-to-water heat
exchanger; a closed intermediate hot-water loop; and a single-effect
LiBr/H,0 absorption-refrigeration subsystem. Atmospheric air is
compressed and mixed with methane-equivalent flare gas in the com-
bustor. The combustion products expand through the GT and subse-
quently enter the HRSG. High- and low-pressure steam are generat-
ed using sequential economisation, evaporation and superheating.
HP steam expands through the HP turbine before being combined
with separately generated LP steam; the combined stream is subse-
quently reheated before LP-turbine expansion. The use of multiple
steam-pressure levels improves thermal matching between the cool-
ing GT exhaust and the water/steam system and is consistent with
established multi-pressure HRSG design principles [3-5].

The LP-turbine exhaust subsequently condenses while supplying
heat to the R245fa evaporator. The R245fa vapour expands through

the ORC turbine, rejects heat in its condenser and is returned to the
evaporation pressure by the ORC pump. R245fa has been widely in-
vestigated for low-temperature ORC applications because its ther-
mophysical characteristics permit power recovery from thermal
resources below the temperature range normally associated with con-
ventional steam bottoming cycles [7,8]. The combustion-gas stream
follows a physically separate downstream route. After leaving the
HRSG, residual exhaust heat is transferred to water in a gas-to-water
heat exchanger. The heated water circulates through a closed inter-
mediate loop to the LiBr/H,0 generator and subsequently returns to
the exhaust heat exchanger. The cooled combustion products are then
discharged through the stack. Thermally driven absorption refrigera-
tion provides an established means of converting low-grade heat into
a useful cooling product and is therefore appropriate for terminal
heat recovery where additional power conversion becomes thermo-
dynamically unattractive [6]. A defining modelling requirement of the
present architecture is that the ORC and LiBr/H,0 subsystems are not
assigned the same thermal resource. The ORC receives heat exclusive-
ly from LP-steam condensation, whereas the absorption generator
receives heat exclusively through the post-HRSG gas-to-water circuit.
This source-to-sink segregation permits each recovered duty to be in-
dependently reconstructed and prevents duplicate attribution of the
same waste-heat stream to multiple useful outputs (Figure 1).

Figure 1: Process-flow schematic and thermodynamic system boundary.
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Thermodynamic-System Boundary

The model boundary encompasses all thermodynamic com-
ponents explicitly represented in the process simulation. Meth-
ane-equivalent fuel and atmospheric air enter the boundary, whereas
electricity, useful refrigeration and stack exhaust leave it. Cooling-wa-
ter streams are represented as external utilities at the relevant
heat-rejection interfaces. No supplementary firing, thermal-energy
storage or electrical-energy storage is included. The principal elec-
trical product is defined as the net electrical output at the thermody-
namic-system busbar. Accordingly,

Wnet = WGT,net + WST,net + WORC,net. (1)

Internal mechanical and electrical requirements explicitly rep-
resented within the three generating subsystems are deducted once
only. This boundary definition prevents simultaneous treatment of
an internally consumed power term as both a gross-generation de-
duction and an external balance-of-plant auxiliary. The LiBr/H,0
subsystem produces refrigeration rather than electricity and is there-
fore excluded from the electrical-power numerator. Its useful output
is reported independently as a cooling duty. Detailed cooling-tower
hydraulics, external cooling-water-network pumping, cooling-tow-
er fans, electrical-distribution losses and miscellaneous site-service
loads were not modelled. Consequently, the reported quantity is ex-
plicitly termed thermodynamic-system net busbar output rather than
the auxiliary-adjusted grid-export power of a fully engineered com-
mercial facility. This boundary distinction is retained throughout the
study to avoid overstating the level of plant engineering represented
by the thermodynamic model.

Design-Point Conditions

The design-point ambient temperature and pressure were 27.000
°C and 1.013 bar, respectively. Air entered the GT at 288.963 kg s™*,
while methane-equivalent flare gas was supplied at 6.700 kg s™* with
a lower heating value (LHV) of 44.670 M] kg™*. The methane-equiv-
alent representation was adopted to establish a controlled thermo-
dynamic fuel basis for the design-point investigation rather than to
reproduce the compositional variability of a particular field flare-gas
stream. The compressor pressure ratio was 13.200, producing a dis-
charge pressure of 13.372 bar. A 3% combustor pressure reduction
resulted in a turbine-inlet pressure of 12.970 bar. The turbine-in-
let temperature was 1199.270 °C, while the converged GT exhaust
temperature was 608.750 °C. The HP steam circuit operated at 70
bar, with a steam-generation rate of 39.000 kg s™* and a superheat-
ed-steam temperature of 490 °C. The LP circuit operated at 6 bar and
generated 5.796 kg s™* of steam. Following HP-turbine expansion and
mixing with separately generated LP steam, the combined stream was
reheated to 320 °C at approximately 5.9 bar before LP-turbine expan-
sion.

The use of dual-pressure generation and reheat is consistent with
established HRSG practice for improving thermal matching while con-
trolling steam-cycle constraints such as pinch temperature, approach
temperature and turbine-exhaust moisture [4,5]. The steam condens-
er operated at 0.200 bar. R245fa was adopted as the ORC working
fluid. The ORC turbine inlet was 50.000 °C at 2.946 bar, the turbine
outlet pressure was 1.781 bar, and the turbine isentropic efficiency
was 0.800. R245fa has been experimentally investigated in low-grade
ORC systems, although its environmental limitations mean that its
use here should be interpreted as a thermodynamic modelling choice
rather than a recommendation for future commercial fluid selection
[7,8]. For the absorption subsystem, the generator hot-water loop op-
erated between 110 and 95 °C, while chilled water was returned at 12
°C and supplied at 7 °C. A minimum stack temperature of 150 °C was
imposed as a design constraint. The principal design-point boundary
conditions are summarised in Table 1.

Table 1: Principal design-point boundary conditions.

Parameter Design-Point Value
Ambient temperature 27.000 °C
Ambient pressure 1.013 bar
Air mass flow 288.963 kgs™*
Fuel Methane-equivalent flare gas
Fuel mass flow 6.700 kg s™*
Fuel LHV 44.670 M] kg™
Compressor pressure ratio 13.2
Compressor discharge pressure 13.372 bar
GT inlet pressure 12.970 bar
Combustor pressure loss 3.00%
Turbine-inlet temperature 1199.270 °C
GT exhaust temperature 608.750 °C
HP steam pressure 70.000 bar
HP steam temperature 490.000 °C
HP steam flow 39.000 kg s™*
LP steam pressure 6.000 bar
LP steam flow 5.796 kgs™*
Reheat outlet 320.000 °C, 5.900 bar
Steam-condenser pressure 0.200 bar
ORC fluid R245fa
ORC turbine inlet 50.000 °C, 2.946 bar
ORC turbine outlet pressure 1.781 bar
ORC turbine isentropic efficiency 0.8
LiBr generator hot-water inlet 110.000 °C
LiBr generator hot-water outlet 95.000 °C
Chilled-water return/supply 12.000/7.000 °C
Minimum stack temperature 150.000 °C
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Thermodynamic Property Treatment

Thermodynamic property methods were assigned according to
working-fluid domain rather than imposing a single property for-
mulation on the entire integrated plant. This is necessary because
the system simultaneously contains high-temperature combustion
gases, water/steam, an organic refrigerant and a strongly non-ideal
aqueous LiBr solution. The GT air, methane-equivalent fuel and com-
bustion-product domain was represented using the Peng-Robinson
equation of state. The Peng-Robinson cubic equation was original-
ly developed to provide a practical representation of vapour-liquid
behaviour and thermodynamic properties of fluid mixtures and re-
mains extensively applied in process simulation involving gaseous
and hydrocarbon-containing systems [9]. Water and steam states
were evaluated using the steam-property formulation available with-
in the adopted Aspen model over the HRSG and Rankine-cycle pres-
sure-temperature domain. Industrial water/steam calculations are
conventionally based on internationally standardised formulations
such as IAPWS-IF97, which provides thermodynamically consistent
property relations for industrial water and steam calculations (Inter-
national Association for the Properties of Water and Steam [10,11].
R245fa was represented using the real-fluid refrigerant property
treatment employed in the converged Aspen Plus V14 model.

Table 2: Thermodynamic property methods.

The same property treatment was retained throughout the ORC
calculation to preserve consistency between evaporation, expansion,
condensation and pumping states. Experimental ORC investigations
demonstrate the importance of accurately representing the thermo-
physical and phase behaviour of R245fa in low-temperature power
cycles [7,8]. The strongly non-ideal LiBr/H,0 solution was repre-
sented using the Electrolyte Non-Random Two-Liquid (ELECNRTL)
framework. The electrolyte-NRTL model extends local-composition
thermodynamics to electrolyte systems and is designed to account
for the strong non-ideal interactions present in aqueous electrolyte
solutions [1,2]. Aspen documentation identifies ELECNRTL as an
appropriate property framework for electrolyte simulations, with
liquid-phase properties represented using the electrolyte-NRTL ac-
tivity-coefficient model. Property-method consistency was checked
at the principal subsystem interfaces. Because different thermody-
namic formulations may employ different enthalpy reference con-
ventions, transferred heat duties rather than direct equality of abso-
lute cross-package enthalpy values were used to reconcile interfaces
between property domains. This was particularly important at the
steam/ORC and exhaust-gas/hot-water/LiBr interfaces.

The adopted property framework is summarised in Table 2.

Working-Fluid Domain Property Method

Basis for Selection

GT air, fuel and combus-

tion products Peng-Robinson

Cubic EOS for gaseous/hydrocarbon-containing mixtures [9]

Water/steam Aspen steam-property formulation

Industrial water/steam property treatment consistent with standard steam-prop-

erty practice [10,11]

Real-fluid refrigerant representation used

R245fa ORC in the converged Aspen model

Fluid-specific phase and thermodynamic-property representation across the ORC

operating domain

LiBr/H,0 solution ELECNRTL

Electrolyte/local-composition treatment for strongly non-ideal aqueous solution

behaviour [12]

Component Balances

All components were analysed under steady-state conditions.
Changes in kinetic and potential energy were neglected relative to the
enthalpy, heat-transfer and shaft-work terms. For a steady-flow con-
trol volume, mass conservation requires

rm=2m. @

The corresponding steady-flow first-law balance is

O-w+2mh-2Xmh=0. 3)
in out
Here, M denotes mass-flow rate (kg s™*), hspecific enthalpy (K]
kg™"), Qheat-transfer rate (MW), W "power (MW), 77 efficiency and
COP coefficient of performance. Subscripts ¢, t, s, el, gen, evap and net

denote compressor, turbine, isentropic state, electrical quantity, gen-
erator, evaporator and net quantity, respectively.

For an adiabatic compressor,

we=m(h,~1), (4)

whereas for an adiabatic turbine,

Wt =m(hl —hz). (5)

Compressor and turbine isentropic efficiencies were represented
as
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and
hl hz
n = i
hl 2s
respectively.

For every heat exchanger, independently evaluated hot- and cold-
side duties were required to reconcile according to

0= 0.a| < €0, (8)

where &g denotes the adopted numerical heat-duty tolerance.

This condition was applied independently to the HRSG sections,
steam-condenser/ORC evaporator and post-HRSG gas-to-water heat
exchanger. The use of independently reconstructed duties provides a
stronger first-law consistency test than accepting simulator conver-
gence alone.

HRSG Model

The HRSG employed HP and LP economisers, evaporators and su-
perheaters together with steam reheating. Multi-pressure HRSG con-
figurations improve temperature matching between GT exhaust and
water/steam streams, while their achievable performance remains
constrained by pinch temperatures, approach temperatures, stack
conditions and steam-cycle requirements [3-5].

The total heat recovered from the GT exhaust was evaluated inde-
pendently from the gas side as

QHRSG,g = I’hg (hg,in - hg,out ) (9)

The complete water/steam-side duty was independently recon-
structed as

QHRSG,ws = ;Qj’ (10)

where J denotes the individual HP and LP economiser; evapora-
tor and superheater sections together with the reheater.

Thermodynamic reconciliation required

(11)

QHRSG,g ~ QHRSG,WS

within the adopted numerical reporting tolerance.

Pinch-point and economiser approach-temperature constraints
were additionally imposed to prevent infeasible heat exchange. This
follows established HRSG optimisation practice, in which maximum
heat recovery must be achieved without violating local tempera-
ture-difference, stack-temperature or steam-quality requirements
[3-5].

Steam-Condenser/ORC Coupling

A central architectural constraint of the present system is that the
ORC receives its thermal input exclusively from LP-steam condensa-
tion. No direct combustion-gas heat is assigned to the ORC.

The steam-side condensation duty was evaluated as

QST—)ORC =ms (hs.in I out) (12)
while the R245fa-side evaporator duty was independently eval-
uated as

QORC,eVap = Morc (hEVaP,out - heVaP,in ) (13)

The coupling was accepted only when

Osrore ® QORC,eVap (14)

within the adopted numerical tolerance.

ORC net electricity was calculated from

WORC ,net = WORC,:— WORC,P, (15)

with the turbine and pump terms evaluated from the correspond-

ing enthalpy changes.

This independent source/sink reconciliation was introduced spe-
cifically to ensure that the low-temperature thermal input credited to
the ORC could be traced to a unique physical source.

Post-HRSG Heat Recovery and LiBr/H,0 Model

Residual combustion-gas heat downstream of the HRSG was re-
covered through a separate gas-to-water heat exchanger. The gas-side
recovery duty was evaluated as

me, =mg (hg,in - hg,stack ) (16)

The corresponding intermediate hot-water-loop duty was calcu-
lated as

QHW = Mmuw (hHW,out - hHW,in ) 17
Thermodynamic consistency required
QPast ~ QHW ~ Qgen. (18)

The useful refrigeration output of the absorption subsystem was
determined from its thermal coefficient of performance:

COP, =—Q,”“” :
0, (19)
and therefore
Qcool = COI)th'Qgen : (20)

This representation is consistent with the conventional definition
of thermal COP for single-effect absorption refrigeration, in which
useful evaporator cooling is related to the generator heat input.

Total solution mass conservation was enforced according to

M strong = Moeak + Mref (21)

while LiBr solute conservation required

mweak X ( 2)

weak ,

Mstrong X

strong
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where Xdenotes the LiBr mass fraction. The use of an electro-
lyte-oriented thermodynamic framework is appropriate because
LiBr/H,0 exhibits strong liquid-phase non-ideality that cannot be
represented adequately as an ideal binary mixture [12]. The post-
HRSG recovery route was maintained physically separate from the
steam-condenser/ORC coupling so that the LiBr/H,0 cooling output
could not be credited against the same thermal duty used by the ORC.

Performance Indicators

The fuel thermal input was calculated as

Q0 =my LHV. (23)

The electricity-only LHV efficiency was defined as

j— net
Moty =

my LHY (29

Fuel chemical exergy was evaluated as

E«r=my €, ;5 (25)
and the electricity-only exergy efficiency as

o~
Ya="""(26)
Ex,f
Because refrigeration is a non-electrical useful product, it was

deliberately excluded from both electrical-performance numerators.
This avoids adding thermal and electrical outputs as though they rep-
resented equivalent forms of useful energy.

Where a combined first-law utilisation indicator is required for
descriptive purposes, it may instead be reported separately as
— VVnet+ Q(ronl
util = . .
my LHV (27)

Equation (27) is a combined first-law utilisation indicator and
must not be interpreted as electrical efficiency. Electricity-only ef-
ficiency and useful cooling are therefore reported separately as the
primary performance quantities.

Model Verification and Acceptance

Numerical convergence in Aspen Plus was treated as a necessary
but insufficient condition for accepting a design point. A converged
solution was retained only when it simultaneously satisfied:

° Total and component mass conservation;

° Component first-law energy closure;

° Independent source/sink heat-duty reconciliation;

° HRSG pinch- and approach-temperature constraints;

° Absence of local heat-exchanger temperature crossover;
e Acceptable steam-turbine exhaust quality;

° Physically admissible ORC phase states;

° LiBr/H,0 total-solution and solute balances;

° The prescribed minimum stack temperature; and

° Internally consistent electrical-power accounting.

This verification strategy reflects the general requirement that
integrated energy-system simulations be evaluated against physical
conservation and operating constraints rather than simulator conver-
gence alone. In particular, HRSG optimisation studies have demon-
strated that pinch, approach, stack-temperature and steam-quality
constraints can determine whether a numerically converged heat-re-
covery configuration is physically feasible [3-5]. External engineering
verification of the GT was additionally performed against technically
comparable manufacturer/reference performance data. Differenc-
es in absolute power and exhaust mass flow were interpreted with
respect to machine flow capacity and model boundary rather than
forcing the simulation to reproduce the nameplate rating of a geomet-
rically different commercial GT.

External Gas-Turbine Benchmark Verification

The gas-turbine model was externally benchmarked against pub-
lished performance characteristics of the GE 9E/MS9001E heavy-du-
ty industrial gas-turbine family. The reference machine was selected
as an engineering comparator because its pressure ratio, simple-cycle
efficiency and exhaust characteristics provide an appropriate E-class
performance envelope for evaluating the present topping-cycle model.
The comparison was intended to assess thermodynamic consistency
rather than reproduce the absolute capacity of a specific commercial
machine, since the simulated GT was not geometrically or mass-flow
scaled to the GE 9E. Published GE reference data for the MS9001E
report a pressure ratio of 12.6:1, exhaust mass flow of approximately
418 kg s7%, and exhaust temperature of approximately 543 °C. The
current 9E.03 simple-cycle performance basis used for the efficiency/
output comparison was retained as the applicable OEM benchmark
for the present verification. The present model was compared with
the reference using compressor pressure ratio, LHV simple-cycle effi-
ciency, net electrical output, exhaust mass flow and exhaust tempera-
ture. Percentage deviation was calculated as

X

model
Oy =

" %100. (28)

ref

The resulting comparison is presented in Table 3.
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Table 3: External gas-turbine benchmark verification against published GE 9E/MS9001E performance data.

Parameter Present Model GE 9E/MS9001E Benchmark Deviation (%)
Compressor pressure ratio 13.200 12.600 +4.76
GT net/simple-cycle output (MW) 102.484 132.000* -22.36
LHV simple-cycle efficiency (%) 34.24 34.30* -0.17
Exhaust mass flow (kg s™*) 295.663 418.000" -29.27
Exhaust temperature (°C) 608.750 543.000" 12.11

*GE 9E.03 ISO/natural-gas simple-cycle rating.

fPublished GE MS9001E/9E reference-machine data. The refer-
ence values represent OEM /reference-machine conditions and were
not corrected to the 27 °C ambient condition adopted in the present
model. The historical GE MS9001E reference reports 12.6 pressure
ratio, 418 kg s™* exhaust flow and 543 °C exhaust temperature (Figure
2). The comparison shows close agreement in the principal intensive
thermodynamic indicators. The simulated compressor pressure ra-
tio of 13.200 differs from the reference value of 12.600 by +4.76%,
while the GT-only LHV efficiency of 34.24% differs from the 34.30%
reference efficiency by only —0.17%. This close efficiency agreement
indicates that the overall compressor-combustor-expander energy
conversion of the model is consistent with the expected thermody-
namic performance envelope of an E-class industrial gas turbine.

Greater differences occur in the capacity-dependent quantities. The
simulated GT produces 102.484 MW compared with the 132.000-MW
reference rating, a difference of -22.36%, while its exhaust mass flow
of 295.663 kg s is 29.27% lower than the 418.000 kg s™* reference
value. These differences principally reflect the lower flow capacity
of the simulated machine, which uses an air mass flow of 288.963
kg s™*. Absolute power and exhaust-flow agreement were therefore
treated as secondary benchmarking quantities rather than as like-
for-like measures of thermodynamic-model error. The predicted ex-
haust temperature of 608.750 °C is 12.11% higher than the 543.000
°Creference value. This difference is non-negligible and was therefore
retained explicitly rather than interpreted as direct agreement. GT ex-
haust temperature depends on the combined influence of firing con-
ditions, pressure ratio, component efficiencies, pressure losses and
machine-specific flow characteristics.

GT BENCHMARK COMPARISON WITH GE 9E/MS9001E

Normalized deviation of the validated GT model relative to the GE 9E/MS9001E reference
Benchmark values per GE datasheet at ISO conditions. Model predicts site-specific, off-design operating conditions.

NORMALIZED DEVIATION PLOT BENCHMARK COMPARISON SUMMARY

(Model relative to GE 9E/MS2001E reference)

Model LOWER than GE $E Model HIGHER than GE 9E

Vs PRESSURE RATIO (PR) ———® +4.76%
gl
POWER OUTPUT
-22.36% @———
& MW,
6 LHY ELECTRICAL EFFICIENCY -0.17% @
%]
Q‘ v EXHAUST MASS FLOW
s -3 29.27%
0 kofd ¢
r T T T T T T 1
-40% -30% -20% =-10% % +10% +20% +30%
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Krepi
HOW TO READ THE PLOT DEVIATION FORMULA

+ Zero line [0%) = perfect agreement with GE 9€ reference.
+ Points to the right (+ ) = model higher than reference
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+ Longer fne = langer deviation from reference.

Nermalznd Deviation (%) = (Modal - Ruference) / Rebernnce x 100
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Figure 2: GT benchmark comparison with GE 9E/MS9001E.
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+ Differences are expected due to machine scale and/or operating basis
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©

BENCHMARK BASIS
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= Paference: GE 9E / MS9001E Datasheet (150 conditions).
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Because the predicted exhaust state establishes the thermal
boundary condition for the downstream HRSG, the HRSG calculations
were based exclusively on the model-predicted exhaust state and
subsequently subjected to independent gas-side/water-steam-side
heat-duty reconciliation and pinch/approach feasibility testing. Over-
all, the benchmark establishes that the model reproduces the princi-
pal pressure-ratio and efficiency characteristics expected of an E-class
industrial GT while operating at a lower mass-flow capacity and a
higher exhaust temperature than the selected GE reference machine.
The comparison is therefore interpreted as engineering benchmark
verification of the thermodynamic performance envelope, rather than
validation against an identical commercial machine or reproduction
of GE 9E OEM performance.

Results and Discussion
Overall Design-Point Performance

The methane-equivalent fuel supplied 299.289 MW of LHV ther-
mal input.

The three electrical subsystems produced the outputs sum-
marised in Table 4. The GT contributed 102.484 MW, the steam cycle
44.496 MW, and the R245fa ORC 3.685 MW, producing a total thermo-
dynamic-system busbar output of 150.666 MW. The GT consequently
accounted for 68.02% of busbar electricity, compared with 29.53%
from the steam cycle and 2.45% from the ORC. The corresponding
electricity-only LHV efficiency was 50.341%. The total fuel-stream ex-
ergy was 314.131 MW, producing an electricity-only exergy efficiency
of 47.963%. These values should be interpreted within the explicitly
defined thermodynamic-system boundary. They are not intended to
represent auxiliary-adjusted commercial grid export because cool-
ing-tower fans, external cooling-water circulation and miscellaneous
site-service loads outside the model boundary have not been deduct-
ed. The result nevertheless demonstrates the thermodynamic value
of sequential heat recovery. Approximately 31.98% of the final bus-
bar electricity originates from the steam and ORC bottoming systems
rather than directly from the GT. Thus, nearly one-third of the electri-
cal product is obtained through downstream conversion of thermal
resources that would otherwise leave the simple GT cycle as exhaust
or rejected heat. This behaviour is consistent with the fundamental
advantage of combined-cycle integration, in which thermal energy
remaining in the GT exhaust is recovered through a steam bottoming
cycle rather than being discharged directly to the environment [3-5].

Gas-Turbine Performance and Exhaust-Resource Quality

At the design point, the GT generates 102.484 MW of net elec-
tricity and discharges 295.663 kg s™' of combustion products at
608.750 °C. Relative to the total fuel LHV input of 299.289 MW, the
corresponding GT-only electrical efficiency is approximately 34.24%.
The GT therefore performs two functions within the integrated archi-

tecture: it provides the largest individual contribution to electrical
generation while simultaneously producing the high-temperature
exhaust stream that drives the downstream heat-recovery cascade.
The external benchmark assessment presented in Table 3 provides
context for the simulated GT performance. The model shows close
agreement with the selected GE 9E/MS9001E reference in the prin-
cipal intensive thermodynamic indicators, with deviations of +4.76%
in compressor pressure ratio and -0.17% in LHV simple-cycle effi-
ciency. By contrast, the lower simulated electrical output and exhaust
mass flow primarily reflect the lower flow capacity of the modelled
machine and are therefore treated as capacity-dependent differences
rather than direct measures of thermodynamic-model error. The pre-
dicted exhaust temperature of 608.750 °C is 12.11% higher than the
543.000 °C reference value.

This difference is non-negligible and is not interpreted as direct
agreement with the reference machine. Exhaust temperature de-
pends on the combined effects of firing conditions, pressure ratio,
component efficiencies, pressure losses and machine-specific flow
characteristics. Accordingly, the predicted exhaust state was retained
as a model output and subsequently subjected to independent down-
stream heat-recovery verification rather than adjusted to reproduce
the OEM reference value. From the perspective of the integrated sys-
tem, the exhaust temperature is particularly important because it es-
tablishes the temperature level of the thermal resource available to
the HRSG. Multi-pressure HRSGs can improve temperature matching
between the cooling exhaust gas and water/steam circuit, while in-
creasing the number of pressure levels can reduce heat-transfer-re-
lated exergy losses and improve overall combined-cycle exergy per-
formance [4].

HRSG optimisation must nevertheless satisfy pinch-point, ap-
proach-temperature, stack-temperature and steam-turbine dryness
constraints rather than maximise recovered duty independently of
physical feasibility [5]. In the present system, these conditions are
verified explicitly in the subsequent HRSG analysis. The GT exhaust
supplies 148.414 MW to the dual-pressure reheat HRSG, while the
calculated HP and LP evaporator pinch differences and economiser
approach temperatures remain within their prescribed feasibility
constraints. The significance of the GT result therefore extends be-
yond its 102.484-MW electrical contribution: its predicted exhaust
state establishes the thermal boundary condition for the steam bot-
toming cycle and, ultimately, for the subsequent cascaded energy-re-
covery stages.

Dual-Pressure Reheat HRSG Performance

The dual-pressure reheat HRSG recovered 148.414 MW from the
GT exhaust, equivalent to approximately 49.59% of the 299.289-MW
fuel LHV input. This substantial recovery reflects the high thermal
quality of the 608.750 °C GT exhaust and confirms the central role of
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the HRSG in transferring residual Brayton-cycle energy to the steam
bottoming cycle. The dual-pressure reheat arrangement distributes
the available exhaust-gas energy across several water/steam tem-
perature levels. The highest-temperature regions are allocated to HP

Table 4: HRSG section duties.

ly 82.1% of the total HRSG duty, demonstrating that the high-pressure
circuit dominates utilisation of the higher-temperature portion of the
GT exhaust.

superheating and reheating, while progressively lower-temperature
regions are used for evaporation and economisation. Such multi-pres-

sure arrangements improve thermal matching between the cooling

exhaust gas and water/steam streams and can reduce the heat-trans-

fer irreversibility associated with simpler pressure configurations [4-

5] (Figure 3 & Table 4). The HP evaporator accounts for the largest

individual heat-recovery duty at 60.356 MW, corresponding to ap-

proximately 40.7% of the total HRSG duty. This is followed by the HP

economiser at 37.618 MW (25.3%) and the HP superheater at 23.884

MW (16.1%). Collectively, the three HP sections recover approximate-

HRSG section Duty (MW)
HP economiser 37.618
HP evaporator 60.356
HP superheater 23.884
LP economiser 2.219
LP evaporator 12.293
LP superheater 1.716
Reheater 10.329
Total 148.414*

TEMPERATURE-HEAT-DUTY PROFILE OF THE DUAL-PRESSURE REHEAT HRSG
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Figure 3: Temperature-heat-duty profile of the dual-pressure reheat HRSG.

This distribution is consistent with
multi-pressure HRSG operation. [4] demonstrated that HRSG pres-

sure-level configuration influences both heat-transfer exergy losses

thermodynamically

and stack losses, with increasing pressure-level integration produc-
ing a tangible improvement in overall combined-cycle exergy efficien-
cy. Similarly, [5] showed that optimisation of a dual-pressure reheat
combined cycle requires simultaneous consideration of pinch-point
temperature difference, superheat approach, stack temperature and

steam-turbine outlet dryness. Thermodynamic feasibility was veri-
fied independently of the total heat-duty calculation. The calculated
HP and LP evaporator pinch differences were 46.714 K and 19.627
K, respectively, compared with the imposed minimum of 12 K. These
values provide positive margins of 34.714 K and 7.627 K. The HP and
LP economiser approach temperatures were both 8.000 K, exactly
satisfying the prescribed minimum. The HRSG therefore achieves the
reported 148.414-MW heat recovery while simultaneously satisfy-
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ing the specified pinch and approach constraints and avoiding local
temperature crossover. The agreement between the independently
reconstructed gas-side and water/steam-side section duties further
confirms first-law consistency. Consequently, acceptance of the HRSG
design point was based on simultaneous energy reconciliation and
heat-exchanger feasibility rather than process-simulator conver-
gence alone, consistent with the constraint-based approach adopted
in established HRSG optimisation studies [3-5].

Steam-Cycle Contribution

The dual-pressure reheat steam cycle produces 44.496 MW of net
electricity, corresponding to 29.53% of the complete 150.666-MW
thermodynamic-system busbar output. Together with the ORC, the
bottoming systems provide 48.181 MW, or 31.98% of total busbar
electricity, without additional fuel consumption. The HP and LP cir-
cuits generate 39.000 and 5.796 kg s™* of steam, respectively, giving
a combined reheater flow of 44.796 kg s™*. Reheating prior to LP ex-
pansion maintains a final LP-turbine vapour quality of 0.9682, equiv-
alent to only 3.18% moisture. This exceeds the adopted minimum
vapour-quality criterion of 0.88 by 0.0882 and therefore provides a
substantial moisture margin.

The result reinforces the principal thermodynamic advantage of
combined-cycle integration: the GT exhaust supports a second electri-
cal-conversion process without additional combustion. Reheating ad-
ditionally assists steam-turbine expansion by increasing the average
temperature of heat addition and maintaining a higher dryness frac-
tion toward the end of expansion, while HRSG pressure levels, pinch
conditions and steam states jointly influence overall combined-cycle
performance [4,5]. In the present configuration, the steam cycle has
an additional function not normally emphasised in conventional com-
bined-cycle analysis. Its LP exhaust becomes the exclusive thermal
source of the ORC. The steam bottoming cycle therefore acts both
as an electrical generator and as the thermal interface between the
high-temperature GT/HRSG subsystem and the very-low-tempera-
ture organic-cycle recovery stage.

Recovery of Steam-Condensation Heat through the ORC

The LP-steam exhaust transfers 102.306 MW of condensation
heat to the R245fa evaporator, from which the ORC generates 3.685
MW of net electricity. The resulting net ORC thermal efficiency is

3.685

=209 L 3.602%
Tlore = 102306 °

The apparently low conversion efficiency must be interpreted in
relation to the very low temperature level of the thermal resource.
The ORC turbine inlet is only 50.000 °C, meaning that the available
source-to-sink temperature difference—and therefore the maximum
theoretically available work fraction—is intrinsically limited. The
102.306-MW duty consequently represents a large quantity of low-
grade latent heat rather than an equivalent quantity of high-quality
available work. Experimental evidence supports this interpretation.

[8] investigated R245fa, R123 and their mixtures in a low-grade ORC
and obtained a maximum system generating efficiency of 4.53% for
a 0.67R245fa/0.33R123 mixture under a 120 °C heat-source condi-
tion. Pang et al. (2017) likewise investigated R245fa/R123 systems
at heat-source temperatures of 110 and 120 °C and reported approxi-
mately 3.9% electrical efficiency for pure R245fa at 110 °C and a max-
imum of approximately 4.4% for the 2:1 R245fa/R123 mixture at 120
°C. These experimental heat-source temperatures are substantially
higher than the 50 °C turbine-inlet condition of the present ORC. The
present 3.602% net conversion efficiency is therefore thermodynam-
ically plausible for the markedly lower-temperature recovery stage
and should not be interpreted as evidence of intrinsically poor cycle
performance.

The present model adopts an ORC turbine isentropic efficiency of
0.800. Consequently, the low overall conversion efficiency arises prin-
cipally from the thermodynamic quality of the available heat source
rather than from an assumed low turbine efficiency. The ORC con-
tribution of 3.685 MW corresponds to approximately 2.45% of total
busbar electricity. Although modest relative to the GT and steam-cycle
outputs, it represents incremental electrical work obtained without
additional fuel from thermal energy that would otherwise be rejected
through the steam condenser. The result should therefore be evalu-
ated on an incremental heat-recovery basis, rather than by compar-
ing its stand-alone first-law efficiency directly with ORCs supplied by
substantially warmer heat sources (Table 5).

Table 5: ORC Performance Summary.

Parameter Value
Heat input from LP-steam condensation 102.306 MW
ORC net electrical output 3.685 MW
ORC turbine inlet temperature 50.000 °C
ORC turbine inlet pressure 2.946 bar
ORC turbine outlet pressure 1.781 bar
ORC turbine isentropic efficiency 0.800

Post-HRSG Heat Recovery and Absorption Refrigeration

The combustion products leave the HRSG at approximately
171.481 °C. Rather than being discharged immediately to the stack,
the remaining usable sensible heat is recovered through the gas-to-
water heat exchanger. The final gas-to-water heat exchanger recov-
ers 1.386 MW, reducing the combustion-gas temperature to 167.119
°C. The resulting stack-temperature margin is therefore 17.119 K
above the imposed 150 °C minimum. The intermediate hot-water
loop transfers the same 1.386 MW to the LiBr/H,0 generator. At the
design-point thermal COP of 0.720, the subsystem consequently pro-
duces 0.998 MW of useful refrigeration (Table 6). The calculated ther-
mal COP of 0.720 is consistent with the performance range generally
associated with appropriately driven single-effect LiBr/H,0 absorp-
tion refrigeration. Because absorption-system COP depends strongly
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on generator, absorber, condenser and evaporator temperatures, di-
rect numerical comparison should be restricted to studies operating
under sufficiently comparable thermal conditions. The absorption
subsystem is consequently well matched to the terminal stage of the
present cascade. At this temperature level, direct production of refrig-
eration provides a useful alternative to imposing another low-tem-
perature heat-to-electricity conversion stage. Importantly, this 1.386-
MW thermal pathway is physically separate from the 102.306-MW
LP-steam condensation duty supplied to the ORC. The refrigeration
product can therefore be credited independently without duplicate
attribution of the thermal resource assigned to ORC power produc-
tion.

Table 6: LiBr/H,0 Absorption Subsystem Performance.

Parameter Value
Post-HRSG heat recovery 1.386 MW
Hot-water loop duty 1.386 MW
Generator heat input 1.386 MW
Thermal COP 0.72

Useful refrigeration duty 0.998 MW

Chilled-water supply temperature 7.000 °C
Chilled-water return temperature 12.000 °C

Thermodynamic Significance of the Cascaded Architecture

The principal distinction of the proposed architecture lies in the
explicit segregation of its two low-temperature recovery pathways.

LP-steam exhaust supplies the steam-condenser/ORC-evaporator,
whereas residual combustion gas leaving the HRSG supplies the LiBr/
H,0 generator indirectly through the gas-to-water heat exchanger
and closed hot-water circuit. The two subsystems therefore do not
compete for, or duplicate, the same thermal resource. The complete
energy cascade can consequently be represented as

The 299.289-MW fuel input first produces 102.484 MW of GT
electricity. The resulting 608.750 °C exhaust supplies 148.414 MW to
the HRSG, enabling 44.496 MW of net steam-cycle generation. At the
next temperature level, 102.306 MW of LP-steam condensation heat
supplies the ORC and produces a further 3.685 MW. Finally, 1.386 MW
of residual post-HRSG gas heat supplies the absorption generator and
produces 0.998 MW of useful refrigeration (Figure 4). Previous inves-
tigations demonstrate the broader potential of combining GT power
production, ORC recovery and absorption refrigeration. [6], for exam-
ple, investigated a combined GT-ORC-absorption-refrigeration CCHP
architecture and showed that integrated system performance is in-
fluenced strongly by GT compressor pressure ratio and turbine-inlet
temperature. The relevance of such studies to the present work lies
in demonstrating the potential value of cascading waste-heat utilisa-
tion; however, differences in heat-source allocation and system archi-
tecture mean that their absolute component outputs should not be
interpreted as direct validation of the present configuration. Against
this background, the distinctive feature of the present architecture is
not simply the simultaneous inclusion of an ORC and an absorption
chiller. Rather, it is the explicit thermal attribution.

ENERGY-FLOW / SANKEY DIAGRAM OF THE INTEGRATED CASCADE

Energy-transfer rates are reported at the stated component boundaries; only final products are counted as plant outputs.

GT ELECTRICITY
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Methane-equivalent
fare-gas fuel,
LHV basis

GT EXHAUST
to HRSG
(thermal energy) (R

HEAT RECOVERY

148.414 MW,

ENERGY ACCOUNTING

LEGEND (Flow types) A ORI

GT ELECTRICITY

102.484 MW,
(FINAL PRODUCT)

v

4
*

4

POST-HRSG HEAT
{to LiBr absorption chiller)
1.386 MW,

N
Ligr ABSORPTION |
CHILLER
COOLING OUTPUT
0.998 MWoo!
(FINAL PRODUCT)

HRSG HEAT RECOVERY
TO STEAM CYCLE —
148.414 MWy,

ST ELECTRICITY

44,496 MW,
ST ELECTRICITY

44,396 MW,
[FINAL PRODUCT)

P

STEAM TURBINE
POWER OUTPUT
a44.496 MW,

LP-CH TION HEAT

ORC ELECTRICITY
3,685 MW,
(FINAL PRODUCT)

ORC ELECTRICITY. !

= Migh-temperature gas | thermal
B Steam / high grade heat
B Low-grade heat | working fluid

Net busbar electricity
Useful Lifir cooling

= 150.666 MW,

= 0.998 MWoeu
INTERNAL CASCADE TRANSFERS —

NOT ADDITIONAL OUTPUTS

HRSG heat frecovery 10 Steam cycle = 148.414 MW,
LP-condensation haat to ORC (recoverad) = 102.306 MW,,

. Elocuicity (final product)

W Electricity (final preduct)
Codling [final product)

R TO ORC (RECOVERED)
STEAM CONDENSER 102306 MWy, =
{low-pressure staam ORC SYSTEM
condensation) POWER OUTPUT
3,605 MW,

NOTES e

Transters orange. bhue, teal, gold flaws] represent energy handed iid il :

= Transfers (orange. teal, " ¢ | {
fom one compoaent 1o another.and sre not counted &8 SULPUES. | HRSE: oot Recovery Steam Ganretor |

« Only the right-side baxes are final products. | 57: sae0em Turtine

+ Values are nt 3t component boundaries | oRe: organic Rankine Cycia |

| LiBie: Lithium Bromide Absorption Chiller |

Post-MASG heat to LiBr chiller = LIBEMW, = Energy accounting is not forced to close; exhaust / ervironmental H
rajections (e.g., stack losses, GT losses) are nat quantified hare | LHV: Lower Heating Value
* R compnend o = 150 665 b, unbess independently validsted. LAERIES RS SR
Comtroming umrsseded hasy vebin = 190,606 MW, (soboct o reuring]
Note: The diagram shows the validated cascade transfers and products used in the thesis. It does not imply a complete first-law balance of the entire plant,
because GT losses, ion losses, losses and other thermal rejections are not quantified here.

Figure 4: Energy-flow/Sankey diagram of the integrated cascade.
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versus low-temperature steam-condensation heat is assigned to organic-cy-
. . cle power recovery, and the final residual combustion-gas heat is used
Because the two subsystems draw on physically different streams, p . ¥ . . & .
to produce refrigeration (Figure 5). More generally, the architecture

their useful products can be incorporated into the overall performance | . ) ] .
illustrates an important accounting requirement for polygeneration

ledger without duplicate allocation of a single heat source. The signif- . . )
modelling: every useful output should remain traceable to a unique

icance of this sequence is therefore not that each downstream stage . i . o
upstream energy stream unless a physically defined split is explicitly

possesses a high stand-alone thermal efficiency. Rather, progressively . . .
represented. This source-specific accounting prevents apparently en-

hanced utilisation from arising through inadvertent double allocation
of recovered heat (Table 7).

lower-quality thermal resources are matched with technologies capa-
ble of exploiting their remaining thermodynamic potential: high-tem-
perature combustion-gas energy is matched to steam generation,

SOURCE-SPECIFIC TERMINAL HEAT-RECOVERY ARCHITECTURE

Two independent terminal-recovery branches using different heat sources in the integrated cascade.
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|

NOTES ABBREVIATIONS
LiB: Lithivem Bromide

Figure 5: Source-specific terminal heat-recovery architecture.

Table 7: Quantitative comparison with selected waste-heat-recovery and polygeneration studies.

Study Configuration / Basis Verified Reported Performance Relevance to the Present Study

HRSG optimisation included minimum pinch-point tem-

perature difference, superheat approach, steam-turbine Supports the present use of simultaneous pinch,

Dual-pressure reheat | inlet conditions, stack temperature and turbine-exhaust .
[5] : . approach, stack-temperature and steam-quality con-
combined cycle dryness; adding another pressure level at a represen- . .
tative 600 °C GT exhaust increased steam-cycle specific straints rather than accepting energy closure alone
work by about 10%
Increasing steam-generation pressure levels reduced
Double-pressure and HRSG heat-transfer and stack exergy losses and Supports the use of multi-pressure heat recovery
[4] triple-pressure HRSGs, produced a tangible increase in overall cycle exergy and the interpretation that pressure-level integra-
with and without reheat | efficiency; triple-pressure reheat gave the lowest ther- tion improves exhaust/steam thermal matching

modynamic losses of the cases compared

Dual-pressure HRSG Increasing inlet flue-gas temperature from 400 to 700 The present GT exhaust temperature of 608.750 °C

Imani, et al. . °C increased HRSG effectiveness from approximatel lies within the investigated 400-700 °C range and
using plant-based oper- pp y 8 8
(2025) g patin data p 70% to 86% and reduced stack temperature from 137 therefore represents a credible high-temperature
8 to 118°C source for dual-pressure recovery
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Experimental low-tem-

Maximum expander isentropic efficiency was approxi-

Provides experimental context for practical
small-scale R245fa expansion; the present model
instead assumes 1= 0.800, so its low 3.602% cycle

H,0 absorption chiller

[13] perature ORC using mately 60% with SES36 and 52% with R245fa at 3000 - . : . .
efficiency is attributable primarily to low source
SES36 and R245fa rpm .
temperature rather than a deliberately low expander
efficiency
The present ORC net thermal efficiency of 3.602%
is lower than values reported for systems driven by
substantially higher-temperature heat sources; how-
Experimental low-erade ever, this difference is thermodynamically consistent
. aximum system generating efficiency of 4.53% was with the present turbine-inlet temperature o
(8] ORC using R245fa, R123 | Maximum system generating efficiency of 4.53% ith the p ORC turbine-inlet temp f
andgmixture,s obtained with an R245fa/R123 mixture only 50 °C, which imposes a much smaller source-to-
sink temperature potential for work conversion. The
literature comparison therefore supports the physi-
cal plausibility of the result rather than constituting
direct performance validation.
Review of recent theo- Reported ORC thermal efficiencies generally span Supports interpreting the present 3.602% ORC
retical and experimen- approximately 0.02-0.19, with performance stron result within its unusually low-temperature operat-
[14] ical and experi pproxi ly 0.02-0.19, with perf gly It within i lly 1 p p
tal ORC waste-heat-re- dependent on source temperature, sink conditions, ing domain rather than comparing it directly with
covery studies working fluid and scale warmer ORC systems
Dynamically modelled . . .
Ochoa, et al. and experimentally vali- yiﬁg{?gmégrp/ g?gerlgi?r;ﬂt(é?mop;r;i?&};rlggi?glf; Closely supports the physical plausibility of the
(2016) dated single-effect LiBr/ P 5 PP yo.7 present single-effect LiBr/H,0 COP = 0.720

relative temperature deviations of about 5%

Sow and Grosu
(2025)

Single-effect H,O-LiBr
absorption chiller
under moderate and hot
climates

COP increased from 0.672 to 0.776 as generator
temperature increased from approximately 85 to 95
°C; maximum COP approached 0.80 under favourable

conditions

The present COP = 0.720 lies within this reported in-
terval; comparison is indicative because the present
hot-water loop operates at 110/95 °C and heat-re-
jection conditions differ

Bishal, et al.

Integrated GT-sCO,
recompression-ORC-

Maximum energy-utilisation factor = 49.09% and ab-

The absorption COP is numerically identical to the
present 0.720 result, although the cycle architecture
and absorption working pair differ; therefore, it

ORC-LiBr/H,0 cascad-
ed system

(2023) absor};tlsc)tzrfloollng sorption-system COP =0.72 provides contextual comparison rather than direct
Y validation
The R113 ORC generated an additional 7.5 MW; inlet-air Dir:;rll)si;r:gcs tgz \I:Ivlaiigine:luet‘;irslgteigrfl dlg)l‘llzr:jsiizecim
. Nigerian CCPP inte- cooling through the absorption subsystem enabled . A . ;
Njoku, et al. - . i comparison of ORC power is inappropriate because
grated with ORC and approximately 51.1 MW of additional GT output; total . .
(2018) . . . s the working fluid, heat source, plant scale and
absorption refrigeration | plant thermal and exergy efficiencies increased by 8.7% . . ;
and 8.8%, respectively absorption-system function differ from the present
— architecture
GT-dual-pressure re- 150.666 MW thermodynamic-system busbar output; b?lltsiggfg&las.};f‘:altnfigﬁgzzigggfﬁgi?lcl)chg a\llttkfill-e
heat HRSG-ST-R245fa 50.341% LHV electrical efficiency; 3.685 MW ORC : . ’
Present study post-HRSG combustion-gas heat — hot-water loop

output at 3.602% net ORC thermal efficiency; LiBr/H,0
COP=0.720

- LiBr/H,0, eliminating duplicate allocation of
recovered heat

Model credibility and numerical consistency

The model-acceptance procedure extended beyond Aspen con-
vergence. The principal verification criteria are summarised in Table
8. The appendix reconstruction independently reproduces the con-
trolling net busbar output of 150.666 MW, LHV electrical efficiency of
50.341%, fuel-stream exergy of 314.131 MW, and electricity-only ex-

ergy efficiency of 47.963% (Figure 6). This level of cross-checking is

particularly important for highly integrated process models because

inconsistencies at one thermal-coupling interface can propagate into
multiple downstream performance indicators. In the present study,
independent source/sink heat-duty reconciliation was therefore used
alongside conventional mass- and energy-balance closure to verify
the thermodynamic integrity of the cascaded architecture.
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INDEPENDENT HEAT-DUTY RECONCILIATION AND MODEL-ACCEPTANCE MAP

Cross-checked energy-duty parities and acceptance criteria for the integrated cascade (all rates at component boundaries)

INDEPENDENT DUTY PARITY CHECKS PRODUCT RECONSTRUCTION

MODEL-ACCEPTANCE CRITERIA (PASS/FAIL MAP)

MooEL

WATER/STEAM-SIDE el AESAY
ERY GAS-SIDE (From &7 exhaust)
:::3":'5” RECKH 7 (Ta steam cyche) Liir GENERATOR Liir CHILLER B ——
in HI i
Heat lost in HRSG s 4 HEAT INPUT COP (Valiated) o o a0 212K 46714 K PASS
=Rl 148.414 MW,, eatec/sneam ircuit 1.386 MW,, Do L EVAPORATOR PNCH
HRSG gas-sidie heat koss. (to water/steam circuit) 148.414 MW,, (Hot water - Cooling) m—;_ HRSG LP Geeuity z12K 19627 K PASS
= weatar/steam-sicle hawt gain ¢
HP LCONOMESIR AFPROACH
= BO0O K 8.000 K PASS
: z B e
PARITY RESULT: PASS (ag) = 1.0% of 148,414 = 1484 MW,) LiBr LING OU
(RECONSTRUCTED) @ | e £.000 K PASS
LP STEAM CONDENSATION STEAM CONDENSATION ORC EVAPORATOR 1.386 x 0.720 e hiniind
LP sxhaust condenter iny DUTY PARITY
BB s onc evaporaion ! . e =0.99792 Bl e e SQIS1ON  000OMW,  PASS
PARITY Heat released 1o ORC = Heat absorbwed from LP = 0—998 MW(MI
(evaporatar) condensath b 1P COMDENSER - ORC PASTY
What is reconciled: e i O (ram condemsation vy 40| S 10%  DOODMW,  PASS
Shoam condensation hast 102.306 MW, 402306 MW, RECONSTRUCTION RESULT: PASS B s o
= ORC evaporator heat duty Difference va. target (0998 MW,k 0.00008 MWiuu (f_""‘ POLTMMSC /Ll CUTYOANTY |\ opy 2100 0,000 MW, PASS
5 1.0% tolerance = 0.010 MWo) L s e — 5
PARITY RESULT: PASS (1| < 1.0% of 102.306 = 1023 MW,
* UBr COP RECONSTRUCTION 1386 = 0.720  0.998 MW, PASS
ELECTRICAL PRODUCTS (REFERENCE) =
POST-HRSG HEAT POST-HRSG GAS HOT-WATER LOOP Liflr GENERATOR ] STACK TEMPERAT UiE
B ROSTIIR lpn =1 (At HIESG cwtiot) {Clased crouit) [ — .w v '"' N .@ B erponnse . 2150°C 167.119 °C PASS
E Heat svailsble to Heat tranaterred in Heat delivered to a STEAM-QUALITY CONSTRAINT  Verified cepartely. PASS
What is recomciled: heat recovery = ot s hot-water Lir gemerator GTELECTRICITY ST ELECTRICITY  ORC ELECTRICITY At ST exit) wam siate bedger
Post-HRSG gas heat recovered 102.484 MW, 44,456 MW, 3685 MW,
= transferred in hot-water oop 1.386 MW, 1.386 MW,, 1.386 MW, ’ i @ AL AR ACCHFIOREE - Al s - PASS
= heat to Liir generator i
NET BUSBAR ELECTRICITY T S
PARITY RESULT: PASS (1ag] 5 1.0% of 1.386 = 0.0139 MW, 150.666 MW, 2 mﬂ::;‘;:::;;;“ b Lot rdions T
(Controlling vabue) - bty chack: Misamum slicwabile value [verified separately].
+ .y criverion FAILS — mnodel / inguts requine revision
" VALIDATED REFERENCE VALUES
SYMBOL / UNIT LEGEND KEY FLOW STYLES (as used sbove) NOTES o i : e
Sl § o recavered 10 water/steam crcut = -
MW, : Megawait (thermal} Steamn / water | R2458s (working fuid) + Duties are evaluated at the stated mode boundares. | Giling sation hewt 15 OAC. = 162,306 M
MW, Megawatt (electric) === St condeniste rekum  Independent parities verify that hest recovered on one side equals heat gained |+ Post-HRSG heat recovered = 1386 MW,
MW © Megawatt fcooking) — Exhaust gas path on the other I« ORE electricity = L.8#5 MW, -
COP  : Cosfficient of Performance ——  Hot-water (secandary loop) supphy » Product recorstruction checks the corsistency of the Lillr system performance. = Liblr cooling (target) = 0998 MW, [

Hot-water (scondary loog) retum

+ Acceptance criteria ensune thermodynamic feasibality and operabskty

* Net bushar electricity (controlling) = 150,666 MW, '
= Stack bemperatire shier recovery = 167,119 °C 1

Figure 6: Independent heat-duty reconciliation and model-acceptance map.

Table 8: Principal model-acceptance ledger.

Verification item Design-point result Status
Net thermodynamic-system busbar output 150.666 MW Pass
Fuel LHV input 299.289 MW Pass
Net LHV electrical efficiency 50.34% Pass
Total fuel-stream exergy 314.131 MW Pass
Electricity-only exergy efficiency 47.96% Pass
HRSG energy reconciliation Within adopted tolerance Pass
Steam-condenser/ORC coupling Reconciled Pass
ORC first-law closure =0 at controlling precision Pass
Post-HRSG hot-water coupling 1.386 MW on both sides Pass
LiBr/H,0 mass/salt conservation Within numerical tolerance Pass
ORC terminal-temperature constraints Satisfied Pass
Steam exhaust-quality constraint Satisfied Pass
Stack temperature 167.119°C>150°C Pass

Engineering Implications

The results demonstrate that evaluation of flare gas solely through
simple-cycle GT performance can understate its useful-energy poten-
tial. The steam and ORC bottoming systems provide approximately

48.181 MW, or 31.98%, of total busbar electricity without additional
fuel input. This result is consistent with the established rationale for
combined-cycle and waste-heat-recovery systems, in which down-
stream cycles convert thermal energy remaining after the topping
cycle into additional useful output [4-5]. The refrigeration subsystem
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further converts terminal low-grade heat into a useful non-electrical
product rather than forcing this resource through another low-tem-
perature electrical-conversion stage. The broader engineering im-
plication is that flare-gas utilisation should be designed around both
resource quantity and thermodynamic grade. Nevertheless, thermo-
dynamic feasibility alone does not establish commercial suitability.
Actual deployment will depend on flare availability and composition,
gas conditioning, equipment reliability, auxiliary loads, electricity and
cooling demand, infrastructure and project economics.

Comparative Synthesis

Across the verified literature comparisons, the present design lies
within a physically credible thermodynamic regime while remaining
distinct in its configuration. The 50.341% thermodynamic-system
electrical efficiency reflects the efficiency-enhancing role expected
from combined Brayton-Rankine heat recovery, although direct com-
parison with commercial combined-cycle efficiency must account for
the explicitly defined auxiliary boundary of the present model. The
3.602% ORC thermal efficiency is lower than values obtained experi-
mentally from warmer low-grade heat sources but is compatible with
the exceptionally low 50 °C turbine-inlet condition. [8], for example,

reported a maximum generating efficiency of 4.53% using an R245fa/
R123 mixture with a 120 °C heat source, while Pang et al. (2017) re-
ported approximately 3.9% for pure R245fa at a 110 °C heat-source
condition and approximately 4.4% for an R245fa/R123 mixture
at 120 °C. The substantially lower thermal level of the present ORC
therefore provides a physically credible explanation for its modest
conversion efficiency [13-15].

The calculated LiBr/H,0 thermal COP of 0.720 is consistent with
the performance range reported for single-effect absorption systems
operating under comparable generator and heat-rejection conditions.
Because COP is strongly influenced by generator, absorber, condens-
er and evaporator temperatures, the present value is interpreted as
thermodynamically credible rather than as a direct one-to-one val-
idation against systems operating under different boundary condi-
tions (Figure 7). The principal contribution consequently lies less in
achieving unprecedented stand-alone component efficiencies than
in demonstrating a fully reconciled thermal cascade in which high-,
intermediate- and low-grade thermal resources are allocated sequen-
tially while the two terminal recovery systems remain thermodynam-
ically independent.

LITERATURE-CONTEXT MAP FOR THE THREE RECOVERY STAGES

Evidence-based positioning of the present design against traceable published HRSG, R245fa ORC and single-effect LiBr/H,0 studies
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Limitations

Several limitations define the interpretation of the present re-
sults. The model represents a steady-state design point and therefore
does not capture transient flare-gas availability, start-up/shutdown
behaviour, control dynamics or equipment degradation. Meth-
ane-equivalent fuel was adopted as the controlling thermodynamic
fuel representation. Real flare gas can contain heavier hydrocarbons,
CO,, Ny, water, H,S and other constituents. Site-specific deployment
therefore requires compositional characterisation and appropriate
fuel-treatment modelling. The reported 150.666 MW is net electrical
power at the explicitly defined thermodynamic-system busbar. Elec-
trical requirements associated with unmodelled cooling-tower fans,
external cooling-water pumps and miscellaneous plant services are
outside that boundary. The value must consequently not be present-
ed as fully auxiliary-adjusted commercial grid export. R245fa remains
technically useful for investigating low-temperature ORC behaviour
because of its favourable thermophysical characteristics and exten-
sive use in waste-heat-recovery studies; however, as HFC-245fa, it has
a relatively high 100-year global-warming potential, which has mo-
tivated increasing interest in lower-GWP alternatives for future ORC
applications (IPCC, 2021; Wang et al., 2021) Finally, the present study
establishes thermodynamic feasibility rather than commercial viabil-
ity. Techno-economic analysis, environmental life-cycle assessment,
off-design performance, optimisation and greenhouse-gas accounting
require separate analytical treatment.

Conclusion

A thermodynamically reconciled GT-dual-pressure reheat HRSG-
ST-R245fa ORC-LiBr/H,0 system was developed for cascaded utilisa-
tion of methane-equivalent flare gas. At the design point, a fuel input
0f299.289 MW produced 102.484 MW from the GT, 44.496 MW from
the steam cycle and 3.685 MW from the ORC, yielding 150.666 MW at
the defined thermodynamic-system busbar. The corresponding elec-
tricity-only LHV and exergy efficiencies were 50.341% and 47.963%,
respectively. The GT exhaust supplied 148.414 MW to the dual-pres-
sure reheat HRSG. LP-steam condensation subsequently supplied
102.306 MW to the ORC, producing 3.685 MW at a net ORC thermal
efficiency of approximately 3.602%. Independently, 1.386 MW of re-
sidual post-HRSG combustion-gas heat drove the LiBr/H,0 subsys-
tem through an intermediate hot-water circuit, producing 0.998 MW
of refrigeration at COP = 0.720.

The final stack temperature of 167.119 °C remained 17.119 K
above the imposed minimum. The principal contribution is the explic-
it thermodynamic segregation of the two downstream recovery path-
ways. The ORC recovers LP-steam condensation heat, whereas ab-
sorption refrigeration recovers residual post-HRSG combustion-gas
heat. Consequently, each useful product is traceable to a unique ther-
mal source and no downstream heat resource is counted twice. These
results establish a verified design-point foundation for subsequent

assessment of flare-gas cascaded systems. Further work should ad-
dress realistic multicomponent flare gas, lower-GWP ORC fluids, full
balance-of-plant auxiliaries, off-design and transient operation, and
techno-economic and environmental performance (Appendix Text).
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