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Abstract: The insufficiency of energy supply and availability remains a significant global energy
challenge. This work proposes a novel approach to addressing global energy challenges by testing
the supercritical property and conversion of low-temperature thermal heat into useful energy. It
introduces a combined-cascade steam-to-steam trigeneration cycle integrated with vapour absorption
refrigeration (VAR) and district heating systems. Energetic and exergetic techniques were applied
to assess irreversibility and exergetic destruction. At a gas turbine power of 26.1 MW, energy and
exergy efficiencies of 76.68% and 37.71% were achieved, respectively, while producing 17.98 MW of
electricity from the steam-to-steam driven cascaded topping and bottoming plants. The cascaded
plant attained an energetic efficiency of 38.45% and an exergy efficiency of 56.19%. The overall cycle
efficiencies were 85.05% (energy) and 77.99% (exergy). More than 50% of the plant’s lost energy came
from the combustion chamber of the gas turbine. The trigeneration system incorporated a binary
NH;3-H,0 VAR system, emphasizing its significance in low-temperature energy systems. The VAR
system achieved a cycle exergetic efficiency of 92.25% at a cooling capacity of 2.07 MW, utilizing
recovered waste heat at 88 °C for district hot water. The recovered heat minimizes overall exergy
destruction, enhancing thermal plant performance.

Keywords: combined cycle; low-temperature energy source; exergetic destruction; refrigeration;
irreversibility; cascade power; waste-to-energy conversion

1. Introduction

Electricity demand, consumption, and supply exhibit global disparities [1]. Some
regions have surplus power, while others face deficits [2]. Renewable energy potential
varies by location, including wave or tidal power, hydroelectric power (HEP), wind power,
geothermal power, and solar power. Projections estimate a 56% increase in global energy
consumption by 2040, with developing countries benefiting due to factors like population
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growth, technological advancements, emerging economies, and higher living standards [3].
Research addresses these challenges, with roadmaps and projections suggesting the value
of combined-cycle power plant technology as a low-carbon power supply backup, as
outlined in the European Union Energy Road Map 2050 [4]. Combined-cycle power plants
(CCPPs), known for their efficiency, low complexity, and low emissions, utilize gas and
steam turbine cycles [5]. This paper focuses on testing the supercritical properties of water
in a steam-to-steam trigeneration system using exhaust heat from a gas turbine converted
by a waste heat recovery (WHR) device to generate electricity. This system also powers
an ammonia refrigerant generator for a vapour absorption refrigeration (VAR) system [6].
The steam-to-steam technology offered in this work is a simple and feasible alternative
to fossil-fuel-based energy production and utilization systems, particularly for the use of
low-grade thermal heat sources like condensation heating to reduce fuel costs. This study
applies the laws of thermodynamics to assess the behaviour and efficiency of a trigeneration
system. Emphasizing an exergetic methodology, the present study diagnoses sources of
irreversibility and targets performance enhancements in integrated plant components. The
goal is to improve the overall conduct of complex energy systems.

2. Literature Review

Energy systems interact with external non-thermal systems, presenting challenges in
energy, economics, and the environment across boundaries. The conventional assessment
of energy system performance using the first law of thermodynamics is criticized for its
limitations in determining irreversibility and losses [7,8]. Exergy, based on the second law
of thermodynamics, emerges as a crucial tool to analyse the magnitude, origin, and location
of energy losses and destroyed system exergy [8]. Exergy-based analysis is documented as
a methodology for evaluating energy performance in different locations [9-11]. The results
guide improvements in plant efficiency, design, economic benefits, and environmental
impact assessments [12-15]. Technical analyses include CO;-capturing technology in gas
turbines [10]. Ibrahim et al. [16] conducted a parametric analysis to optimize the perfor-
mance of CCPP and improved the efficiency of future renewable energy sources. Bracco
and Silvia [11] optimized stream pressure values by adjusting to different target functions.

The thermodynamic property evaluation of a combined cycle involves the examination
of various steam plant bottoming cycles [17-19]. Xiang and Chen [12] scrutinized a three-
pressured HRSG integrated with a general electric (GE) gas turbine, emphasizing efficiency
improvement and exergy loss reduction through HRSG operating parameter optimization.
Cogeneration plants, utilizing both gas and steam turbine cycles, have been introduced,
exploring cumulative efficiency improvement strategies [13,14,20]. Raising the gas turbine
inlet temperature to 1427 °C in a combined cycle has been identified as a potential avenue to
achieve an overall efficiency of 60% [13]. Bassily [14] introduced a modelling methodology
for reducing irreversibility in the HRSG of a combined-cycle, dual-pressure reheat through
optimization. Innovative approaches like the application of supercharge devices to reduce
HRSG sizes and save energy in a compressor-driven gas turbine have been discussed [15].
Kwon et al. [21] evaluated the integration of solar power into a CCPP with a hybrid model
of HRSG and a supercharged boiler. The exergetic assessment methodology has been
applied to examine the performance of CCPPs, providing insights into the location, sources,
and size of the plants’ systems [22-24].

Exergy analysis was proposed to evaluate the efficiency of heating systems, especially
the use of low-temperature heat sources [25]. A study was investigated to optimize an
organic Rankine cycle (ORC)-cooled wet water tower powered by a low-temperature ther-
mal source [26]. Suna and Li [27] investigated a thermal recovery ORC plant utilizing
R134a refrigerant, emphasizing performance assessment and plant optimization. A ther-
moeconomic assessment of CCPP production was explored for system performance [28],
alongside related works involving combined cooling power and heat [28,29]. The design
and investigation of superheated converters and expanders have been detailed and are re-
ported to increase the efficiency of the ORC by lowering the condensation temperature [30].
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The authors emphasized the potential of ORC in low-temperature hot springs and showed
changes in working water [31,32]. In a solar system ORC, R245fa refrigerating fluid was
identified for its exceptional energy and exergy analysis performance, suggesting its po-
tential for increased power generation compared to other organic fluids [33,34]. Cooling is
being investigated as a means of energy utilization, moving from heat recovery and energy
production, especially in buildings [35]. Tamm et al. [36] delved into cooling and combined
power cycles [37], presenting a combined Rankine and absorption cycle with a low-grade
heating source. High-pressure ammonia expansion through an expander led to sensible
cooling per the Goswami cycle [36,38,39].

Exergy analysis is crucial in identifying energy-deficient components in plants, with
the absorber and rectifier being the least efficient components in vapour absorption re-
frigeration VAR cooling systems. Zheng et al. [40] examined cooling and cogeneration
systems. Kwon et al. [21] integrated VAR and Kalina cycles to achieve high ammonia
vapour concentration during refrigeration, and the researchers reported a thermal energy
efficiency of 24%, with an exergetic efficiency of 37%. Szargut [41] adopted an exergetic
methodology to assess the cogeneration and cooling plants operating on an ammonia—-water
mix. Zhang and Lio [42] found 11% and 12% exergy losses in the boiler and condenser, re-
spectively. Zhang and Lior [42] simplified and optimized the system using a basic solution
pump and reported overall exergy efficiencies of 55.7% for the individual refrigerating
system and 41% for the integrated system. Zhao et al. [43] enhanced system simplicity
and cost-effectiveness by introducing a high solution pressure through a basic solution
pump. The combined cycle underwent exergy analysis with varied configurations [44],
determining useful power output, cooling efficiency, turbine isentropic efficiency, and boiler
pressure [45]. Parametric evaluation at temperatures from 90 °C to 170 °C yielded an ener-
getic efficiency of 21% at a heat source temperature of 130 °C and an exergetic efficiency of
92% at an absorber temperature of 10 °C [46]. Wang [47] achieved 43.06% energy efficiency
by combining a Rankine cycle with a VAR system and using evolutionary algorithms to
determine the optimal settings. A two-evaporator cycle was suggested by Barkhordar-
ian et al. [48] for a combined power and cooling (Kalina) system. This cycle achieved
exergetic efficiency of 42.75% and thermal efficiencies of 19% and 38.97%, respectively.

Various studies have investigated solar energy as a renewable source of heat.
Boudéhenn et al. [49] and Raghuvanshi and Maheshwari [50] investigated the effects
of temperature variations on the system’s coefficient of performance (COP) using solar
energy for a 5 kW NHj3-H,O refrigerant absorption chiller. Ouadha and El-Gotni [51]
integrated a refrigeration system into a diesel-driven marine engine for waste heat recovery.
Lee et al. [52] with Getu and Bansal [53] analysed cascade refrigeration systems using CO,
and NHj as refrigerants, optimizing parameters for maximum COP. Refrigerant pairings
that are not the same as solitary refrigerants or other pairs have demonstrated better per-
formances [54]. In cascade cooling systems, the CO,/NHj mix affects COP and exergy
efficiency. At CO, evaporation temperatures from —55 °C to —30 °C, COP increases by 70%,
but decreases at NH; condenser temperatures between 25 °C and 50 °C [55,56]. Thermody-
namic research of cascade refrigeration systems reveals declining cumulative destroyed
exergy rates as condenser and evaporator temperatures climb [54,57]. Parallel ORC systems
are researched as an efficient waste heat recovery method for marine technology [58]. In
a cascade plant system for medium-temperature thermal energy recovery, the condenser
temperature causes the COP to decrease, while the evaporator temperature causes it to
increase [59]. A cascaded refrigeration system was assessed by Sadreddini et al. [60],
whereas Lizarte [61] concentrated on a single-stage ORC using pentane as the refrigerant.
Angelino and Invernizzi [62] favoured combined cycles over binary cycles with alkali metal
or mercury toppings [63] and noted increased efficiency in the condensing process [64].
Binary Brayton cycles, in cascade form, have been proposed for isothermal combustion in
waste heat conversion [65].

There are several uses for waste heat recovery in energy systems, such as combined
cooling, heating, and power (CCHP) systems [66]. Boyaghchi and Heidarnejad [67] focused
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on applying thermodynamic and thermoeconomic methodologies to optimize seasonally
dependent ORC systems in conjunction with micro solar CCHP systems. Zhao et al. [68]
offered an economic model, size, and performance study for a CCHP system; their proposed
trigeneration CCHP system for residential usage consists of a gas turbine, a VAR, and an
ORC system [54,68]. Gas turbine inlet temperature and pressure ratio are identified as
crucial parameters. Biomass is explored as an energy source for a similar system, with
toluene as the optimal refrigerant for the ORC [69]. Al-Ali and Dincer [70] analysed a
multigeneration combined solar-geothermal system, comparing single-, dual-, and triple-
generation systems [71]. Chakravarty et al. [72] evaluated integrating a vapour absorption
chiller (VAC) through renewable energy technologies in cooling-dominated areas. Gogoi
and Saikia [73] assessed a solar system-based ORC and VAR system in India, proposing a
66.7 kW cascaded VCR-VAR system [74]. Salhi et al. [56] proposed a cascaded absorption-
compression cooling system [71], favouring geothermal energy for wells deeper than 16 m. A
parallel dual-ORC system for marine applications demonstrated increased energy generation
compared to a single ORC [75]. A combined ORC-VCS system’s thermodynamic evaluation
from low-temperature heat sources is investigated in [59]. Sadreddini et al. [60] proposed
a medium-temperature energy recovery cascade cycle using pentane as the ORC working
fluid. Lizarte et al. [61] examined a novel combined single ORC cascaded with a refrigeration
system, determining COP and exergetic efficiency at different evaporation temperatures.
Table 1 presents a further review of various combined ORC-driven power plant cycles in the
literature, incorporating different refrigeration systems and heating integration.

Gap in Knowledge, Motivation, and Objectives

This paper investigates the effectiveness of the supercritical properties of water as a
low-energy heating fluid source in a novel gas-turbine-driven trigeneration plant system
integrating a steam-to-steam cascaded combined cycle with heat recovery for cooling and
district heating. While there are existing models and proposals for trigeneration systems,
the authors assert to the best of their knowledge that a complete, steam-to-steam powered,
combined, cascaded heat recovery power generating model is notably absent in the existing
literature. This underscores the novelty and uniqueness of the contribution of the present
work to the field. The gap in the literature becomes apparent when considering the specific
combination of steam-to-steam technology, combined cycle, and cascaded heat recovery
within a single integrated system. The absence of a comparable model in the literature
emphasizes the originality and technical significance of the proposed research, filling a
critical void in current research and providing valuable insights into the potential of this
innovative energy system. Therefore, this work seeks to examine the performance of this
trigeneration system using Aspen Plus v10. The study employs exergetic principles to assess
the impact of gas turbine specific fuel consumption (SFC) in comparison to the specific
steam consumption of the combined and cascaded steam systems. Key points include:

O  The advancement of an extensive but accurate simulation model to forecast the ther-
modynamic performance of a steam-to-steam cascaded waste heat recovery process
and establish cohesion in similar test results and models, with emphasis on the ease
of availability of steam as a working fluid.

O  Testing performance under real-world operational conditions through sensitivity and
optimization analyses of the gas turbine topping cycle with real gas composition.

O  Identify the effects of exergetic destruction on components of the system and proffer sug-
gestions to minimize irreversibility and propose appropriate component improvement.
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Table 1. An overview of CCPP plant analysis.
Refrigeration Heating Energy Exergy Capacity
Type Cycle System Analysis Analysis [kW] Remarks Refs.
Ammonia-water (VAR) refrigeration Exergetic efficiency of 38.97% with thermal efficiency of 19%
. v X v v X . [48]

combined power cycle attained at the base case.
Highest exergetic destruction of the system components

Combined power cycle using ORC and v v v X attributed to higher thermal efficiency realized from the [76]

cold energy from LNG increased in the inlet turbine pressure and working fluid
temperature.

Ammonia-water (VAR) power cycles v X v v 197 kW bHOeisi\értransfer and boiling led to low exergetic efficiency in the [77]

Ammonia-water (VAR) combined power X X X 4 420 MW The loss oxergy m the.CCPP system’s component evaluated by [78]
the sensitivity analysis.

Combined ORC/CRS system (VC) with x v v X fvsiiﬁtioﬁZ?Oﬁgriiieﬁ: Cii?liirgcoel:l(l:) ar;ﬁecgszlamfration [79]

Toluene/R245fa Y yee)p y p
temperature.
The significant energetic losses and suggested improvements

CCPP plant X x v v 400 MW indicated by the highlighted zones. (801

CCPP plant X X v v 240 MW Exergetlc analysis and flnal’ syst'efn d<'e51g'n helped identify the [15]
size, causes, and source of inefficiencies in the plant.

p()jlg{rft integrated with HRSG in CCPP X X v 4 X The largest exergetic losses were reported at the varying loads.  [81]
Steam turbine overall efficiency increased by 19.3%, caused by

CCPP plant X X 4 4 X 12.68% combined efficiency improvement in the gas turbine [82]
combined-cycle station.

. . The output power of 2.1 times and high effectiveness shown
Combined gas-steam turbine cycle x x v v x in SBCC of the combined cycle with supercharged boiler. (831
Combm'ed gas turbine, ORC, and v v v X 30 kW Cool'mg of 8 kW and hot water qf 7.2 ton at 67.6% efficiency [68]
ammonia—water VAR cycle obtained from the design condition.

e The destroyed exergy of the gas turbine was found to be 808
Gas-fired CCPP plant x x v v 396 MW MW, accounting for 83.79% of total exergy destruction. [84]
Sl ORC and e i S bl ough collcr (710 oueromed e
Bromide-water refrigeration integrated v v 4 4 X eshe’ retecto P o1 q1sh cotlecto ’ [85]
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Table 1. Cont.
Refrigeration Heating Energy Exergy Capacity
Type Cycle System Analysis Analysis [kW] Remarks Refs.
R170/R161 and R41/R161 for CRS were reported to be
Low GWP refrigerants in cascade v X v v X superior compared to COP’s improvement in the 28 other [86]
refrigeration system (CRS) refrigerants. The condenser was found to have the most
destroyed exergy.
Geoterna s muligncrtin Hsing i 2045 0100 o refigernion apcity
system for CCHP and H; production, v v v v 1060 kW 22 Kg/Ar hyarog 8 Y . [87]
. determined using 3E (energy, exergy, and exergoeconomic)
using LNG cold energy recovery
analyses.
The energetic and exergetic efficiencies are 18.92% and 21.61%,
. respectively, with 352 USD/kW as the total capital investment.
Cascaded organic power plant (COPP) v x v v 100 kw The payback time is 2 years 7 months for COPP, as obtained [88]
from the 3E analyses.

. . Found 90 MW district heating, 76 MW biogas, and 161 MW
Biomass-based polygeneration plant for bioethanol reported under the design conditions, while an
IC)?;HEISHEd power, heat, bioethanol, and x v v v MW energy efficiency of 73.0 % for the CHP and 63.0 % the total (891

& polygene ration obtained.
Evident of variation in direct normal irradiation (DNI) of the
Cascade performance assessment % X v v X backpressure of the turbine was reported, while no impact [90]
cogeneration cycle powered with solar was found based on the 1st law; there was a 2nd law
performance impact on the cogeneration system.
New recenerative eas turbine Results of the exergy efficiency and exergy unit electricity cost
& & v X 4 v X produced as well as total cost rate for NRGT-CCPP plant [91]

(NRGT)-CCPP plant

highlighted.
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3. System Description

Figure 1 presents a trigeneration plant system integrated with a cascaded steam-
to-steam power plant, an NH3-H,O driven VAR plant, and a district heating system.
The gas turbine powers the trigeneration system and delivers electricity while the high-
temperature exhaust heat is recovered to energize the combined steam-to-steam cascaded
power plant, the VAR cooling, and the district heating. In the gas turbine assembly, the
axial air compressor admits and raises atmospheric air to high temperatures and pressures
into the combustion chamber; here, the fuel and compressed air produce hot gas, driving
the gas turbine for electricity generation. Gas turbine exhaust heat is recovered in an HRSG
and used for generating steam for the cascaded steam turbines. In the steam power cycle,
the condensate pump sends water at atmospheric temperature and pressure through the
HRSG-A to produce steam, which expands across the turbine blades to produce mechanical
work at a low pressure and generate electricity. Low-temperature steam from the steam
turbine exit is condensed in the condensate heat exchanger (HRSG-B) to complete the
cycle. The unrecovered thermal energy from HRSG-B powers the cascaded bottoming
steam turbine in a repeated cycle. The generator in the NH3-H,O VAR system also takes its
energy source from the gas turbine exhaust through the feed heat exchanger (FDHX).

N
, Gas Turbine

Cycle

i Cycle
!
1
1

I Cascade
| Steam Turbine

Pump-A

il
Woc) !
Combustion 1
Chamber 'r ''''''''''''''''''''''''''''''' -
: Vaopour Absorption !
Ac I Refrigerator Cycle !
| FDHX 1
Lavwie- Temp Flue Gas
Gas Ot » N
L O GEN 1

g | Ammonia Solution Heat 1
Refrigeront Exchanger (SHX] ;
¥ -
Ref- d-conp 5 strong :
Valve ! 2 sowtion |
]
g ] Violve-2 i
1 Pump-C N
i B i
Ref : Abzork 1 1
Evap. 7 Low Pressure R LE Dy
..................... .m: ey
6D : + HrsG-c !

District
Hot 1
water 1
Supply -
Tank 1

District Hot Water system

Figure 1. Overview of the production process.
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This single-effect VAR system utilizes water (H,O) as the absorbent and ammonia
(NH3) as the refrigerant, comprising components like the generator, evaporator, condenser,
absorber, rectifier, expansion valves, solution heat exchanger (SHX), and pump. In oper-
ation, the generator heats the rich NHj solution with recovered FDHX heat, creating a
weak solution. The resulting NH3 vapour travels through the rectifier, condenses in the
high-pressure condenser (Ref. Cond), and then passes through the refrigeration throttle
valve (Ref-Valve) to cool the evaporator (Ref. Evap). After extracting heat and evaporating,
the low-pressure NH3 vapour moves from the evaporator to the absorber, where it is
absorbed into a cold weak solution, forming a rich H,O solution of saturated NH3. A
solution pump returns the rich solution to the generator for the NHj3 vapour extraction
process. The rectifier ensures the purification of the NH3-H,O cycle, preventing issues like
hydrate formation and blockages. In the district heating system, wasted thermal energy
rejected by the VAR and the cascade steam power cycle is harnessed and used to convert
cool water to hot water for distribution to the district; thus, the energy efficiency of the
integrated plant is improved.

3.1. Process Simulation

The system model, created via Aspen Plus V10, incorporates a trigeneration plant
with gas and steam power generation, VAR cooling, and district heating systems. Utilizing
the fluid property simulator in Table 2, the thermodynamic streams and properties for
the entire system are determined. In the model, the air compressor is set at a compressor
ratio of 10.1 to deliver high temperature and pressure compressed air to the gas turbine
combustor. Fuel at 10 bar is injected into the combustor to form an explosive mixture in a
stoichiometry process which delivers a hot mixture of 1250 °C at the gas turbine inlet to
produce electricity. The hot exhaust gas exchanges heat with the HRSG (boiler) and FDHX
generator, at 726 °C and 120 °C, respectively, to energize the cascaded steam power cycle
and the VAR plants. The gas turbine exhaust temperature is set at 120 °C to prevent liquid
retention and corrosion. The optimal performance of the HRSG relies on the complete
conversion of the exhaust heat from the gas turbine. This involves setting the water flow
rate in Aspen Plus to optimize the recovered heat and maintain optimal generated steam
temperature and minimize potential residual heat loss (Q_Resid) in the HRSG. The steam
produced is delivered at 50 bar and 264 °C to the topping steam turbine and delivers 40 MW
of saturated thermal energy at the topping condenser (HRSG-B), which in turn energizes
water at 35 bar and 243 °C on the cascaded bottoming steam turbine.

Table 2. Integrated plant simulation input data.

Description Compound Mole Fraction

Gas turbine Cycle [92]

Methane 0.788
. Ethane 0.14
Fuel Composition Carbon dioxide 0.004
Nitrogen 0.068
. - Nitrogen 0.79
Air Composition Oxygen 021
Gas flowrate (kmol/sec) 1
Air flowrate (kmol/sec) 11.43
% Excess air 20
Input data for process Fuel gas temperature (°C) 60
simulation Fuel gas pressure (bar) 1
Inlet air temperature (°C) 27
Pressure ratio 10

Ideal gas specific heat capacities, air, k (k] /kg-K)  1.005
Property models Aspen-Plus Simulator P-Robinson
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Table 2. Cont.
Description Compound Mole Fraction
Vapour absorption refrigeration Cycle
. Ammonia 0.6700
Stream Composition Water 0.3300
Pump inlet temperature (°C) 32
Inlet Pressure (bar) 5.98
Mass flowrate (kmol/s) 0.2
Pump discharge pressure (bar) 50
Input data for VAR Final conQensgtlon.(. <) o 2
rocess simulation Pump adiabatic efficiency (%) 85
P Solution HX, outlet temp (°C) 63
Generator: Reflux ratio 1
Generator: Heat Duty (kW) 133
Condenser Outlet temp (°C) 53
Absorber Outlet temp (°C) 32
Property models Aspen-Plus Simulator NRTL
Cascaded steam power plant system
HRSG-A temperature (°C) 726
HRSG-A heat supplied (MW) 51.24
HRSG-B heat supplied (MW) 40.99
HRSG-C heat supplied (MW) 33.43
HRSG-D heat supplied (MW) 5.16
Steam cycle input data for ~HP steam temperature (°C) 264
process simulation Pump discharge pressure (bar) 50
Final condensation (°C) 25
Pump adiabatic efficiency (%) 85
Turbine adiabatic efficiency (%) 85
ST-A Water Flowrate (kg/s) 19.16
ST-A Water Flowrate (kg/s) 15.28
Property models Aspen-Plus Simulator Steam-TA
District water heating system
. . Mass flowrate of water (kg/s) 150
Heating water cycle input P .
ump discharge pressure (bar) 40
data for process P diabatic effici o 85
imulation ump adiabatic efficiency (%)
simu Hot water temperature (°C) 88
Property models Aspen-Plus Simulator Steam-TA

The arrangement validated the supercritical nature of steam in power generation. The
VAR generator contains a NH3-HO mix in 67% and 33% compositions, respectively. The
generator is energized from the gas turbine exhaust at 120 °C. The NH3-H;O VAR system
uses a generator to produce high-pressure ammonia vapour. The vapour desorbs from a
solution at 133 °C and pressure of 20 bar, condensing in the condenser (Ref. Cond) and
expanding through throttle valve (Ref-Valve) to the low-pressure side in the evaporator
(Ref. Evap). The low-pressure NH3 vapour then goes to the absorber, where it is absorbed by
H;O-rich solution. The high-pressure weak H,O solution is produced through the solution
heat exchanger (SHX), which preheats the weak solution by harnessing and exchanging
heat from the hot strong solution. The solution, now rich in NH3, is pumped at 5.98 bar
and 32 °C to the generator, completing the cycle.

Finally, the dissipated heat from the VAR plant as well as the heat from the cascade
steam power plant (HRSG-D) is aggregated for internal heat recovery in the district heating
cycle; thus, the heat dissipating devices are unloaded and the cycle efficiency is increased by
pumping cooling water at atmospheric temperatures and pressures through the harnessed
wasted heat exchangers. The water is energized as hot water for district water supplied at
88 °C. All the data required to develop this novel model are presented in Table 2.
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3.2. Assumptions for the Thermodynamic System Models

The modelling of this system was performed by applying the mass balance, energy
balance, and exergetic balance concepts [93] on all the components of the integrated plant
systems, based on the assumptions specified below:

Natural gas used is 100% methane delivered at 10.1 bar and 60 °C.

Air at 25 °C is modelled as 21% O, and 79% N, molar mixture. Excess air is added at
20% to reach complete state of combustion.

No pressure drops in the heaters or between components.

The atmospheric temperature of water is 25 °C, which transitions to steam at 264 °C,
zero superheat.

Ambient condition: pressure, P, = 1.013 bar; temperature, T, = 25 °C.

Components of the system are at steady-state and steady-flow conditions.

In the VAR, the pressure in the condenser and absorber are equal, just as the pressure
in the generator and evaporator are also equal.

e  The enthalpy, h,, and entropy, S,, are 104.83 k] /kg and 0.3672 k] /kg-K, respectively, in
the dead-state condition.

The VAR refrigerant leaves the generator in a pure-state condition.
The saturated solution mixture leaving the generator and absorber have the same
temperature and concentration as the mixture in both vessels.

e  Saturated water is the refrigerant in the condenser and the evaporator refrigerant is
the saturated vapour at condensation, with the evaporator temperature and pressure,
respectively.

The throttling work is isenthalpic and no heat loss to the environment occurs.
Kinetic exergy, chemical exergy, and potential exergy are all negligible.

3.3. Mathematical Models of Enerqy and Exergy Analysis

To ascertain the impact of the first and second laws of thermodynamics on the plant
components, the systems are modelled. This takes us to the principal correlation of equations
of mass and energy conversation of the first law, as shown in Equations (1) and (2), respectively.

Zmin = Zmout =0 (1)

By applying the first law of thermodynamics in the model control volume (CV) in a
steady-state fluid flow regime [6], Equation (1) can be interpreted as Equation (2)

dEsystem
dt

W, hiy — Moythour = Ein — Eouwr = = 0 = steady 2)
where m, (kg/s), represents the mass flow; the specific enthalpy is k, (k] /kg); Q represents
the heat transfer rate (kW). W is rate of work carried out (KW) and E also represents the
energy rate (KW).

The system energy balance is evaluated to calculate the power generated, the consump-
tion of fuel, and the energy efficiency of the various components of the systems. The air
compressor power and the efficiency (isentropic) are evaluated using Equations (3) and (4),

respectively.
T
Waet = mah'(h - ho) = my;, </T Cpm‘r(T)dT> (3)
_ Wz's
Nac = Wit 4)

To analyse the entropy changes for perfect gases in the air compressor, we have

T aT P
S—Sp :/T CpmT —Rln<PD) )
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where h, and s, are enthalpy and entropy, respectively, at the atmospheric pressure P, and
temperature T,, respectively; and the specific heat, Cp, is at a constant pressure.

At a constant pressure, natural gas is ignited in the air mixture in the gas turbine
combustor, leading to a temperature rise at the combustor exit stream. The energy rate
balance in the combustor is given as Equation (6).

maircpmr Tout + I’i’lfLHV + meprf = mExthExh TCombgas (6)
And the exhaust gas pressure can be obtained from the combustor pressure drop.

PeombGas = PCompAir(l - APComb) @)

For the gas turbine, the change in entropy in this isentropic process is given as:

T dr Pcomba
SCombGas — SGasOut = /To CpEth —RIn (W) =0 (8)

. .. P
where the pressure ratio of the turbine is -F2ubCas.
GasOut

Thus, the gas turbine power output is given as Equation (9):

TCompGas

Wo =theg| [ Cpg(T)dT )
GasOut

The efficiency (isentropic) of gas turbine is given as Equation (10):

W
gt.is
= 10
st Wgt.act ( )
And the net power output of gas turbine is estimated as shown in Equation (11):
Wy = Wgt — Wac (11)

The gas turbine specific fuel consumption [94] is also obtained as shown in Equation (12a):

SFC = 3600 (12a)

Wmech( et _ M)AFR

MEyp My

where #,,,,.;, represents the mechanical efficiency of gas turbine and the air/fuel ratio (AFR).
The specific steam consumption, i.e., the quantity of steam that is required to deliver
electricity of 1 kWh, is determined using Equation (12b):

Msteam
= — 12
sSC W (12b)
Furthermore, the exergetic balance equation, entrenched in the thermodynamic second
law, is defined [95] though Equation (13):

dEsystem

Exl-n — ExOut — EXD = it

= 0 = steady (13)

Exergy expresses the maximum useful work potential in an energy stream that has a
relationship with its environment [6]. The principal equation of the exergy balance of the
thermodynamic second law is given by Equation (14):

Y thysexi, + ) Exg = Exw + Y _thouexous + Exp (14)



Energies 2024, 17, 1295 12 of 34

Exergy due to heat transfer can also be expressed based on the Carnot factor, as shown
in Equations (15) and (16), respectively.

Exw =W (15)

. T,
Exo=0(1- 2 1
xQ Q( T) (16)
And the entropy generated is defined as shown in Equation (17):
Exg = ToSgen (17)

Substituting Equations (15) and (16) into Equation (14) defines the exergy destruction,
as expressed in Equation (18):

. To )\ - ,
Y myexi, + 2(1 — T‘;) Qr = W+ Y mouexout + Exp (18)

Exergy is also described in relation to kinetic, potential, chemical, and physical ex-
ergy [33,96]. In this study, KE = PE = 0. The chemical exergy value will also be zero, since
no chemical substance (loss or gain) is observed migrating to the environment from the
system [97]. Thus, the total exergy of a system is given as Equation (19).

Extor = Exkg + Expg + Excym + Expyy (19)

The physical component of the total exergy, as expressed in Equation (19) (by Ali-
rahmi et al. [96]) is shown in Equation (20):

ExPHY = mexphy = m(h - hg) - TO(S - So) (20)

where Ty, ho, so, T, s, and h are temperature, entropy, and enthalpy, at the surrounding
(subscript ‘0”) and system, respectively.

Most thermal-power-generating systems operate in a steady state, except in rare cases
of the start-up and shutdown periods [98]. This is because non-steady-state periods are
usually transient relative to steady-state operations. Therefore, balance equations for power-
generation systems typically correspond to steady-flow and steady-state cases [99]. The
energetic and exergetic assessment of the trigeneration plant incorporated with cooling
and heating systems require the use of the thermodynamics first and second laws whose
correlations are presented as shown in Appendix A Table A2. The chemical fuel exergy is
described by Equation (21):

Excym = LHV ryer (21)

The chemical exergy in the combustor results from the migration of chemical com-
ponents in the combustion system, a typical behaviour in combustion processes [98]. It is
important to emphasize that, unlike energy, exergy is not governed by the law of conserva-
tion and is liberated during these processes [83]. Therefore, the total molar chemical exergy
of the mixture of ideal gases is given by [44,100,101].

Excym = ZW@EHM +RT,)_yiln(yy) (22)
3 3

where ex’éh ., 18 the specific chemical exergy of the k component material; y; and y are the
mole fraction of each k component of combustion products at T, P, in the environment;
R is the specific gas constant.
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Equation (23) was used to calculate the chemical exergy of various fuels as the ratio of
fuel exergy to fuel lower heating value (LHV) [102-104].

CH
_ &XF

" LHV

¢ (23)

For many hydrocarbon fuels, ¢ = 1. For example, methane gas has a value of about
1.06 and hydrogen has a value of 0.985 [102]. For the gaseous fuel categories with the
content CyH,, the ratio, ¢, may be evaluated by Equation (24) [105].

” (24)
X X

¢Cih, = 1.033+0.0169 (y) _ (0-0698>

And the correlation for liquid fuels such as C,CgH . H s is provided by Szargut et al. [106]
based on their atomic compositions, as follows:

cH _ B 2 Y _ B
9Cltn = 10401401728 < (x) +0.0432 ( oc) +0.2169( (x) x <1 2.0628 ‘x> (25a)
The clean natural gas fuel used for analysis in this thesis contains CHy, CoHg, and
C3Hg [6,88]. Based on unity (1) kmol of gas, the combustion equation of natural gas
is governed by Equations (25b—d) and the amount of stoichiometric oxygen needed is
calculated in Aspen plus, for the listed chemical reactions, as shown:

CHy +2(0; +3.7619 Np) — CO» +2 H20 + 7.52 N, (25b)
CoHg + (350, +13.17 Np) — 2 CO, 4 3 Hy0 4 13.17 N, (25¢)
C3Hg + (50, + 18.81 Np) — 3CO, + 4 H,O + 1881 N, (25d)

The stoichiometric or theoretical air is the minimum amount of air needed for the
fuel combustion process. This typically leads to the harmful release of CO; therefore, it
is appropriate to supply more than theoretical air to ensure complete combustion. The
standard measure of the oxygen used in this model is put at 20% excess air [107] to reach
the optimum air/fuel ratio using Equation (27). Therefore, the corresponding air mass flow
of 346 kg /s (11.43 kmol/s) is needed for combustion of 16 kg /s (1 kmol/s) of methane gas.
The stoichiometric air/fuel ratio (or theoretical AFR) is given in Equation (26). However,
the excess air required is expressed by Equation (27).

Molar flow rate of Air, (kmolgy)

Stoichiometric AFR =
Molar flow rate of Fuel, (kmolfuel)

(26)

ok (14 .
Excess air, iy = (”Oz)Stozch ( fexcess) _ 2x(1+02) =1143kmol/s  (27)
Yo, 0.21

where (1702) Stoich Tepresents the number of moles of oxygen (O); fexcess represents the
percentage of excess air required.

For the VAR cooling system, the mass balance of the refrigerant is given as the mass
flow rates of the strong solution and the weak solution, calculated as Equation (28):

m3 X3 = g + Xy (28)

where X is NH3 mass or mole fraction in the solution. The balance equation for the strong
solution and the weak solution is also obtained from Equations (29) and (30), respectively.
1-Xy .

s = S, M0 (29)
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1-X;3 .
= —"m
X3 — X4 10
The circulation ratio is defined as the mass fraction of the flow rate that relates

the streams of the strong solution to that of the refrigerant [100] and it is presented as
Equation (31):

(30)

my

CR= -2 (31)
myg
The energetic and exergetic COP of the VAR system can be denoted in Equation (32)
as the ratio of the evaporator energy gained to the energy supplied in the generator and the

pump work output in the system [101]. The energetic COP is presented as in Equation (32).

Qrvap
COPg; = (32)
¥ Qcen + Wrump
where Qryap represents the evaporator energy output; Qgen represents the generator
energy input; Wpyyp represents the pump work.
The maximum efficiency that is possible for a VAR, COPj; 4x, is shown in Equation (33):

TGEN — TCOND) ( Tevap )
COPyax = (33)
Max ( TGEN Tconp — TEvap

; Tevap ; ; ; .
The expression (m) is the Carnot refrigeration system, COPc,;pt; the

expression (TGENT;%) is the Carnot engine efficiency, §carmot- Therefore, an ideal VAR
system may be defined as a combination of a Carnot engine and a refrigeration system,

which is equivalent to the maximum COP of a VAR system, postulated as Equation (34):
COPpax = COPcarnot * icarnot (34)

The exergy COP is defined [108] as presented in Equation (35):

ExTor, EVAP
COPg, — ' (35)
Y Extor, gen + Wpump

Now, considering that the heat loss to the surroundings is negligible, the total energetic
balance of the integrated system is given in Equation (36).

Wp + Qgen + Qrvap = Qags + Qconp (36)

The solution heat exchanger (SHX) allows the transfer of heat from stream 4 (hot
product from the generator) to stream 2 (cold stream in the outlet of the pump). However,
the temperatures of streams 3 and 5, which remain unknown, would have to be determined
via HEX effectiveness, using Equation (37).

S_T4—T5
-1

(37)

This determines either of the unknown temperatures of T3 or Ts. Thus, all heat transfer
quantities are defined. Energy efficiency is defined as Equation (38):

— Energy Output  Qaps + Qconp (38)
TH ™ Total energy Input  Qgen + Qrvap + Wp
While the exergetic efficiency is defined as shown in Equation (39):
Exergy Output
Yri = gy Yutp (39)

Total exergy Input
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The exergetic efficiency of a power plant is given in Equation (40):
o L Wner  Wier (40)
t == =
plant Cycle my * ex%H ExgH

For a VAR system, the exergetic efficiency is defined as shown in Equation (41):

T,
(1 ~ oo ) QEvap

QGEN (1 Lo ) + Wp

TGeN

PyaR = (41)

where Tggn and T, are the generator and ambient temperatures, respectively.

3.4. Model Validation

In validating the model, a comparison is made between the data in the literature
and the present model, as shown in Table 3. Discrepancies may arise from differences in
data quality and boundary conditions. The integrated plant in the literature includes an
ORC system, diverging from the present model’s cascading steam-to-steam power cycle,
contributing to variations in results. Table 4 presents the energy and exergy balance of
integrated plant components. Compressor, gas turbine, and steam turbine components
exhibit high energy efficiency at 100%. The condenser, crucial for recovering intended
dissipated heat, contributes to district heating with an efficiency of 88 °C and 150 kg/s
of hot water. Notably, the cascaded HRSG-A and HRSG-B recover about 80% and 82% of
potential energy losses in their respective condensers, into HRSG-D, where the temperature
of the district heating system had been raised to enhance the overall system efficiency.

The efficiency of a condenser based on energy may be non-intuitive or even misleading
since it does not account for irreversibility [109]. Only about 20% and 18% of recovered
heat is utilized by the cascaded steam power plant, generating 10.35 MW and 7.63 MW
of electricity in the topping and bottoming cycles, respectively. The total exhaust heat
energy recovered from the gas turbine is 51.24 MW via HRSG-A and 0.32 MW via FDHX
to power the VAR system. Approximately 6.39 MW of heat energy is lost as flue gas to
the atmosphere. Despite the system’s steam-production capability, integrating VAR and
district heating enables cooling and heating effects. The refrigeration output is 2.03 MW
with a COP of 0.67, while the VAR system achieves a COP of 0.67 at an effectiveness of
0.70 [51]. The maximum COP obtained is 1.39 with a circulation ratio of 2.03. The VAR’s
performance aligns with similar models, as shown in Tables 3 and 4.

Table 3. Comparison of the data in the literature with the analytical results of this model.

Parameter [104] Reference This Work
Gas turbine output (MW) 95 94 50
Gas turbine Gas turbine exit temperature (°C) 532 532 726
Fuel mass flow rate (kg/s) 6.8 6.7 3.0
Mass flow rate produced (kg/s) 82.9 82.3 N/A
ORC section Evaporator outflow temperature (°C) ~ 110.5 110.4 N/A
ORC turbine outflow temperature (°C)  60.8 61.3 N/A
Mass flow rate produced (kg/s) - - 34.4
Steam section Evaporator outlet temperature (°C) - - 264
Turbine exit temperature (°C) - - 100
Generator heat load (kW) 275.1 275.1 3057
Evaporator heat load (kW) 63.2 62.7 2071
Refrigeration system Coefficient of performance exergy 0.23 0.227 0.206
Refrigerant mass flow rate (kg/s) 0.05 3.47
Effectiveness of heat exchanger (¢) 0.7 0.7 0.70
Generator temperature (°C) 100 133

Reference: Gas turbine cycle [104]; ORC section [110]; refrigeration system [50].
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Table 4. Datasheet relevant for the integrated plant performance.
Plant Performance Cycles Data
Parameter Gas Turbine Plant Cascade Steam Plant
Thermal energy efficiency [%] 76.68 38.45
Cycle exergy efficiency [%] 37.71 56.19
Combined efficiency [%] 85.05 77.99
Air standard energy efficiency [%] 48.21
Back work ratio (BWR) 0.92 0.99
Specific fuel consumption [kg/MWh] 1052.36
Steam specific consumption [kg/MWh] 1.93
Combustion efficiency [%] 98.00
Datasets for the cooling and heating cycle performance
Parameter VAR cooling District Heating
COP [%] 67.11
COPMmax 1.39
Carnot Efficiency of VAR [%)] 76
COP Exergy [%] 58.70
Circulation ratio 2.03
Mass of strong solution [kg/s] 3.47
Mass of Weak solution [kg/s] 1.76
Cooling/heating capacity [MW] 3.22 38.58
Energy efficiency [%] 99.87 100.00
Exergy efficiency [%] 92.25 77.66
Effectiveness 0.70

4. Results and Discussions
4.1. Discussions on the Energy Analysis of the Integrated Plant

The simulation (Appendix A Figure A5) shows how important the binary steam-to-
steam cycle is to the integrated trigeneration plant’s ability to recover thermal energy for
district heating and VAR cooling. Employing Aspen Plus v10, the thermodynamic data
of the process streams have been determined (Appendix A Table Al); the model applies
thermodynamic laws to analyse energy balance and exergetic performance. Specifically, the
gas turbine generates 50 MW at a combustor temperature of 1250 °C [111], simultaneously
losing 65.2 MW of heat in a non-adiabatic condition. HRSG-A plays a crucial role by
demanding 51.24 MW from the 726 °C gas turbine exhaust. This thermal energy is utilized
to convert water to steam, supplying the steam turbine at 264 °C. Further details, including
fluid properties and comprehensive results, are provided in Tables 2 and 5, respectively.

The recovery of residual heat from the gas turbine exhaust significantly boosted overall
power production by over 50%, resulting in a total system-generated power capacity of
44.08 MW. The recovered power from the gas turbine exhaust, facilitated by the feed
heat exchanger (FDHX), drove the VAR generator, contributing 0.32 MW. The cascaded
steam-to-steam cycle condenser and VAR cooling system condenser rejected 33.43 MW and
5.16 MW of thermal energy, respectively. This energy was converted to supply 150 kg/s
of hot water at 88 °C to the district. The VAR generator, operating at 20.1 bar pressure,
dropped to 5.98 bar after passing through the expansion valve, gaining 2.07 MW of cold
energy in the evaporator at 13 °C. The weak recirculating solution in the solution heat
exchanger (SHX) achieved 70% efficiency, transferring 1.523 MW of heat to the strong
stream solution. The integrated plant performance is detailed in Table 4, showing gas
turbine and combined steam turbine efficiencies of 85.05% and 57.89%, respectively. The
cascade steam-to-steam cycle efficiency is 38.45%, with a specific steam consumption (S5C)
of 51.24 MWHh, indicating the steam power cycle’s efficiency.
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Table 5. Fuel, product, and efficiency performance of the integrated plant system.
Power Heat Transfer Ex Ex Ex Ex Energy Exergy Exergy
FUEL PROD D L . . . .S
Component IMW]  [MW] MW]  [MW] [MW] [MW] F‘;f]laency Be]structlon Foff]laency
SOL-Pump 0.03 0.00 0.03 0.00 0.03 0.00 100.00 7.10 92.90
SHX 0.00 1.52 0.73 0.72 0.01 0.00 100.00 1.09 98.91
FDHX 0.00 0.32 1.96 1.88 0.08 0.00 99.80 3.98 96.02
GEN 0.00 3.06 0.81 0.61 0.20 0.00 98.82 25.13 74.87
Ref-Condenser 0.00 2.24 0.81 0.67 0.14 0.00 100.00 17.28 82.72
Ref-Valve 0.00 0.00 0.48 0.40 0.08 0.00 100.00 15.98 84.02
Ref-Evaporator 0.00 2.07 0.57 0.48 0.09 0.00 100.00 16.30 83.70
Absorber 0.00 292 0.58 0.54 0.04 0.00 100.00 7.02 92.98
Valve-2 0.00 0.00 0.07 0.07 0.00 0.00 100.00 0.00 100.00
Rectifier 0.00 0.00 0.81 0.81 0.00 0.00 100.00 0.00 100.00
Compressor 23.90 0.00 23.90 21.54 2.36 0.00 100.00 9.87 90.13
Combustor Chamber  0.00 150.08 108.67 82.64 26.03 0.00 98.00 23.95 76.05
Gas Turbine 26.10 0.00 52.77 50.00 2.77 0.00 100.00 5.25 94.75
HRSG-A 0.00 51.24 29.36 27.92 1.45 1.88 100.00 493 95.07
Steam Turbine (ST-A)  10.35 0.00 11.81 10.35 1.46 0.00 100.00 12.37 87.63
Condenser A 0.00 40.99 7.68 4.67 3.01 0.00 100.00 39.22 60.78
P-W-A 0.11 0.00 0.11 0.10 0.01 0.00 100.00 13.14 86.86
HRSG-B 0.00 40.99 19.40 11.04 8.36 0.00 100.00 43.07 56.93
Steam Turbine (ST-B) 7.63 0.00 8.71 7.63 1.08 0.00 100.00 12.37 87.63
Condenser B 0.00 33.42 6.27 3.81 247 0.00 100.00 39.31 60.69
P-W-B 0.06 0.00 0.06 0.05 0.01 0.00 100.00 12.54 87.46
P-W-D 0.67 0.00 0.67 0.58 0.09 0.00 100.00 13.25 86.75
HEX-1 0.00 33.42 3.39 3.29 0.10 0.00 100.00 2.95 97.05
HEX-2 0.00 5.16 0.46 0.45 0.01 0.00 100.00 1.48 98.52
HOT-H,O-VESSEL 0.00 0.00 414 3.64 0.50 0.00 100.00 12.05 87.95
Exergy Losses 1.88
Total System 68.86 242.31 14526 113.29 50.36 1.88 85.05 52.14 77.99

The recovery of residual heat from the gas turbine exhaust significantly boosted overall
power production by over 50%, resulting in a total system-generated power capacity of
44.08 MW. The recovered power from the gas turbine exhaust, facilitated by the feed
heat exchanger (FDHX), drove the VAR generator, contributing 0.32 MW. The cascaded
steam-to-steam cycle condenser and VAR cooling system condenser rejected 33.43 MW and
5.16 MW of thermal energy, respectively. This energy was converted to supply 150 kg/s
of hot water at 88 °C to the district. The VAR generator, operating at 20.1 bar pressure,
dropped to 5.98 bar after passing through the expansion valve, gaining 2.07 MW of cold
energy in the evaporator at 13 °C. The weak recirculating solution in the solution heat
exchanger (SHX) achieved 70% efficiency, transferring 1.523 MW of heat to the strong
stream solution. The integrated plant performance is detailed in Table 4, showing gas
turbine and combined steam turbine efficiencies of 85.05% and 57.89%, respectively. The
cascade steam-to-steam cycle efficiency is 38.45%, with a specific steam consumption (SSC)
of 51.24 MW, indicating the steam power cycle’s efficiency.

The gas turbine combustion efficiency was set at 98%. However, the combustor had
been limited in a non-adiabatic case to a temperature of 1250 °C. Thus, a heat loss of
65.2 MW from the combustor to the surrounding area occurs, as shown in the Sankey
energy diagram presented in Figure 2. Aspen Plus v10 software was used to determine
the natural gas (methane) calorific value used in this model as 50,035 k] /kg. The energetic
balance of the complex thermal plant system is carefully summarized, as presented in the
Sankey energy diagram of Figure 2.
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Heat Loss in
the combustor
[65.20 MW or

43.2%]

FUEL Energy Produced Electricity
ENERGY Generated [44.08 MW or 29.2%)

[150.08 [150.08 District Hot water produced
MW] MW] [33.43 MW or 22.2%)]

Refrigeration Cooling load [2.071 MW or 1.4%]T

Flue Gas Heat Loss
[6.39 MW or 4.2%)]

Figure 2. Sankey energy diagram for the integrated system.

It is demonstrated that the system’s primary energy source is chemical fuel energy.
Here, 29.2% (44.08 MW) of the fuel chemical energy is expended to produce electric power,
22.2% (33.43 MW) is expended to produce district hot water, and 1.4% (2.07 MW) is
expended as a cooling load for the refrigeration system. About 43.2% (65.20 MW) and 4.2%
(6.39 MW) are lost to the environment through the combustor and as flue gas. The relations
between the compressor pressure ratio and the Brayton cycle air standard efficiency are also
reviewed [94]. The chart in Figure 3 shows that the gas turbine cycle efficiency is largely
reliant on pressure ratio, especially as the pressure ratio increases with the cycle efficiency.

0.70

0.60

0.50

0.40

Efficiency,n

0.30

0.20

0.10

0.00
0 2 4 6 8 10 12 14 16 18 20 22

Pressure Ratio, rp

Figure 3. Efficiency of the gas turbine vs. pressure ratio.

It also showed that the cycle efficiency is low at low pressure ratios, which has
a comparable impact on the network output; this is because, in the gas turbine cycle,
efficiency tends toward zero (0) as the pressure ratio tends toward one (1). This suggests
that there will not be any heat added and that the network output figure will be zero.
The cold air standard efficiency in this type at a 10:1 pressure ratio [112] gave an energy
efficiency of 48.2%. However, the compressor temperature of the inlet air depends on the



Energies 2024, 17, 1295

19 of 34

temperature of the surroundings, just as the inlet temperature (max) of the turbine gas is
limited to 1250 °C due to the limitations of available metallurgy and the turbine blade’s
heat-resistant properties. So, at the maximum temperature (Max), the pressure ratio also
reaches the maximum limit, as does efficiency.

Figure 4 depicts the relationship between the combustion temperature and the pres-
sure ratio. In the chart, the combustion temperature correlates with the compressor pressure
ratio, displaying a proportional increase. To mitigate high-temperature issues in the com-
bustor, including metallurgical concerns, the model constrained the combustion chamber
to achieve a temperature of approximately 1250 °C at a compression ratio of 10. This
restriction, influenced by internal material limitations, resulted in the release of 65.2 MW as
heat loss from the combustor.

1800
1700
1600
1500
1400
1300
1200
1100
1000

900

Combustor Temperature, °C

0 2 4 6 8 10 12 14 16 18 20
Pressure Ratio, rp

Figure 4. Gas turbine combustion temperature vs. pressure ratio.

4.2. Discussion on the Exergy Analysis of the Integrated Plant

Table 5 provides a summary of the fuel exergy, product exergy, and exergetic efficiency
for the combined-cascaded trigeneration, integrated VAR cycle, and district heating systems.
The table also presents the overall exergy and energetic efficiency, along with the destroyed
exergy of the components in the integrated plants. The cumulative energetic and exergetic
efficiencies of the complex thermal plant cycles are determined at 85.05% and 77.99%,
respectively, and consist of the gas turbine cycle (76.68% and 37.71%), the cascaded steam
power plant cycle (38.54% and 56.19%), the VAR cooling cycle (99.87% and 92.25%), and
district heating system (100% and 77.66%).

The overall exergetic destruction within the entire system amounts to 50.36 MW see
Figure 5 and has been illustrated with the Grassmann exergetic analysis map in Figure 6,
with the gas turbine cycle being the major contributor to exergetic destruction, specifically
the combustor chamber, accounting for 52% of the total destruction. The significant ex-
ergetic destruction in the combustor may result from factors such as chemical reactions,
elevating the chamber temperature to 1250 °C, potential incomplete combustion, and ther-
mal energy loss to the environment [113]. Heat loss in the combustor can be mitigated
using thermally resistant ceramic insulation. However, uncontrolled high temperatures
may lead to destructive adiabatic flame, causing thermal stress [6]. Improving gas turbine
cycle efficiency involves preheating the air compressor’s inlet with recovered hot air from
the turbine exhaust and modifying the turbine into high-pressure (HPT) and low-pressure
(LPT) versions with an inter-stage reheater for enhanced output power and efficiency.
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The HRSG-B accounts for approximately 17% of the total destroyed exergy in the
cascade steam power plant system, primarily due to its steam-to-steam cascade system’s
recovery of substantial heat energy. In contrast, HRSG-A contributes only 3% with its
lower energy efficiency. The gas turbine and its air compression units experience significant
exergy destruction, attributed to gas expansion in the turbine blades and energetic losses in
the air compressor resulting from high-pressure ratios. The system’s irreversibility is fun-
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damentally linked to abrupt temperature differentials in the flowing streams, highlighting
the importance of addressing these challenges for enhanced efficiency [114].

4.3. Exergetic Destruction of the Integrated Plant

The combustor contributes to about 83% of the cumulative exergy destruction in the
gas turbine (Brayton) cycle plant, while the air compressor and gas turbine account for 8%
and 9%, respectively, as depicted in Appendix A, Figure Al. In Appendix A, Figure A2,
illustrating the cascaded steam-to-steam power plant cycle, condensers exhibit dominance
in exergy destruction over other components. This behaviour is typical, primarily attributed
to heat transfer or heat loss between turbine exhaust steam and pump inlet saturated water,
driven by the high enthalpy of condensed water compared to the exhaust steam enthalpy,
potentially involving latent heat loss to the environment.

The exergy destruction in the steam-to-steam cascade plant is primarily attributed to the
HRSG and condensers, contributing 55% and 31%, respectively. The condenser’s destruction,
though significant energetically, is negligible in exergy terms, as it efficiently converts thermal
energy into hot water for the district. The HRSG’s exergy destruction is linked to a finite
temperature differential (726 °C to 124 °C), increasing irreversibility and generating entropy
in the flue gas stream. Energy destruction in both pumps is minimal compared to other
components. In contrast, exergy destruction in the cascaded steam turbines is associated
with the pressure drop during the expansion process, impacting turbine blade efficiency
and reducing the useful work carried out by the turbine. Table 4 provides a comprehensive
overview of the exergetic performance of the integrated plant system’s VAR cooling cycle.
While Table 4 already outlines the calculated values for the VAR system’s performance
coefficient, COP, exergetic efficiency, and exergetic COP, Table 5 delves into the exergy
assessment of the individual components within the VAR (NH3-H,O absorption) system.

The thermodynamic model of the plant allows for an investigation of various perfor-
mance criteria based on parameter variations, including thermal source and sink temper-
atures, plant component energy outputs, and other evaluations such as the total destruc-
tion of exergy and individual component destruction of exergy, graphically presented in
Appendix A, Figure A3. The inefficiencies in the VAR system can be attributed to factors
such as finite heating, mixing, circulation losses, and mass transfer. Notably, the generator
contributes approximately 36% (0.2 MW) to the destruction rate of energy in the VAR
system. Following in the hierarchy are the refrigerant condenser at 25% (0.14 MW) and
the evaporator at 17% (0.09 MW). The high destruction of exergy in the generator is likely
due to mixing losses resulting from the heat generated by the mixture of strong solution
and ammonia vapour within the components. Additionally, the rectifier and the expansion
valves (VALV-2) exhibit decreasing exergy destruction as temperature rises to 133 °C to-
wards the absorber, attributed to a zero-pressure drop in the rectifier and constant enthalpy
observed across the expansion valve (VALV-2).

The destroyed exergy in the refrigerant condenser, refrigerant valve (Ref-valve), and
the evaporator is influenced by the high temperature of the generator, leading to variations
in the total exergetic rate destroyed in the system. Of the exergy destruction in the Ref-
Condenser, 25% (0.14 MW) may be attributed to the high temperature change across the
condenser due to rapid cooling and condensation of the refrigerant, mass transfer, and
thermal energy losses associated with varying high-temperature approaches. Measures to
reduce exergy destruction include operating the system at a higher sink temperature or a
lower bottom generator temperature. A proportion of 13% of the exergy destruction in the
Ref-Valve, despite zero enthalpy changes, may result from the pressure drop during the
generator pressure reduction from 20.1 bar to 5.98 bar into the pump suction. The reception
of cold energy in the evaporator significantly impacts its exergetic efficiency.

In this paper, the exergy destruction ratio for most components of the VAR system is
relatively small compared to other thermal systems in the plant. The exergetic coefficient of
performance provides insights into the system’s exergetic losses. The energetic destruction
in the overall VAR system increased to 1.19 MW at a high evaporator temperature of 17 °C



Energies 2024, 17, 1295

due to the elevated energy intake in the evaporator at a generator temperature of 148 °C.
Consequently, the exergetic COP decreases with an increase in generator temperature (see
Figure 7). The assumed drop in pressure between the generator and the condenser in the
model is zero. It is also observed that exergetic losses in the condenser increase with the

rise in generator temperature.
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Figure 7. Effect of exergy destruction on the generator.
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Conversely, as the generator temperature decreases, the condenser exergetic destruc-
tion trends downward. The maximum condenser exergy loss at a 133 °C generator temper-
ature is 0.14 MW. Figure 7 illustrates that, as the generator temperature rises, so does the
exergy destruction in the generator, until a COP of 77% is exceeded; at this point, the exergy
destruction begins to decrease. At a generator temperature of 140 °C, exergy destruction
increased to 1.45 MW and dropped to 1.19 MW, with a further increase in the generator
temperature to 148 °C. Appendix A Figure A4 displays the exergetic assessment of the
district’s water-heating system. Notably, the hot water vessel exhibits the highest exergy
destruction, operating at 0.5 MW and a high temperature of 88 °C, following a substantial
pressure drop from 40 bar to 2 bar. HRSG-C recovers heat energy from various heat sinks,
including the VAR absorber and refrigerant condenser, while HRSG-D captures heat energy
from the cascaded condenser B in the steam power plant system. All recovered thermal en-
ergy is utilized to heat cold water, subsequently distributed as hot district water, effectively
minimizing energy losses in the integrated plant and further enhancing the destruction of
exergy in the district’s water-heating system. Additionally, the pump’s exergy loss of 13%
is noteworthy due to the high flow rate of discharged cold water. In summary, the district’s
hot-water-heating tank contributes about 72% of exergy destruction in the entire district’s
water-heating system, as shown in Appendix A Figure A4.

Figure 8 illustrates the energetic and exergetic efficiencies of individual components
in a bar chart format. The cumulative energetic and exergetic efficiencies of the integrated
plant are found to be 85.05% and 77.99%, respectively. This performance is attributed
to the minimal thermal energy impact on the VAR plant components compared to the
combined-cascade thermal cycle plant.
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Figure 8. Component and overall efficiency of the integrated plant.

A key result from the integrated plant model analysis highlights that the gas turbine
combustor is the primary site of exergy destruction, followed by HRSG-B and the gas
turbine itself (Figure 5). This aligns with findings from similar analyses conducted in other
thermal system studies [37,103,115-117]. Notably, many components in the integrated
plant exhibit near-zero exergy destruction, emphasizing that the VAR system components
experience minimal thermal impact compared to those in the combined-cascaded cycle.
Importantly, the study underscores the improved overall exergetic performance of the
thermal system model due to the utilization of heat sink points for converting cold water
to hot district water, in contrast to the rejection of heat to the environment.
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5. Conclusions

This study investigated the exergetic performance of an integrated cascade trigenera-
tion power system, incorporating ammonia-water mixture vapour absorption refrigeration
(VAR) cooling and district heating. With a growing global demand for sustainable energy
solutions, the focus is on efficient energy resource utilization. The use of the second law of
thermodynamics and exergetic tools offers valuable insights into energy quality, efficiency,
and process optimization. Unlike the first law, which evaluates processes, measuring
available useful work or energy quality is crucial for designing new systems and improving
the efficiency of existing ones.

This study suggests that the combined-cascade cycle for energy conversion could
be a pathway to global energy security. It demonstrates the unique advantages of this
approach over other thermal-power-generation systems [118], justifying the motivation
behind the research. The work highlights the supercritical potential of water as a working
fluid in a combined-cascade cycle thermal system, contributing to the exploration for
efficient, affordable, and environmentally friendly heat-transfer fluids. The adaptation of
the steam-to-steam working fluids concept holds potential benefits for the power industry
by addressing cost and scarcity issues associated with ORC working fluids.

The integrated cascade cycle plant includes a vapour absorption refrigeration system
for large-scale refrigeration and heating water production, aiming to optimize recoverable
heat and minimize energy waste [119]. Operating independently, this system achieved
cooling and heating capacities of 2.07 MW and 38.62 MW, respectively, with high efficiency
(92.25%) and minimal exergetic losses. The gas turbine cycle achieved energy and exergy
efficiencies of 76.68% and 37.71%, respectively, and the cascaded steam-to-steam power
plant reached an energetic efficiency of 38.45% and an exergy efficiency of 56.19%. The
overall cycle efficiencies, reflecting optimal energy utilization, were 85.05% (energy) and
77.99% (exergy). However, exergetic destruction in the integrated plant was noted at
50.36 MW (33% of energy generated), with the gas turbine combustor contributing 50% to
the destroyed exergy.

The achieved efficiency of 56.19% in the combined-cascade cycle is notably high for
thermal-power-generation systems. Unlike many cascaded ORC or steam systems, the
thermal efficiency of steam-powered systems [119] is generally low. The study highlights
the efficient utilization of waste heat recovered from the gas turbine (Brayton) cycle, result-
ing in an additional power capacity of 17.98 MW (69% of the 26 MW generated by the gas
turbine) from the cascaded system. The optimization and utilization of heat sink points
in the system, converted into district heating water, contribute to the overall improved
exergetic performance compared to the traditional approach of rejecting heat energy to
the environment.
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Greek letters
0 coefficient from the liquid fuel expression
g energy efficiency
Tex exergy efficiency
NPump pump efficiency
Nth thermal efficiency
Appendix A
Table Al. Thermodynamic properties of the integrated plant streams.
Temperature Pressure Mass Mass Mass Mass Heat Flow Volume Mass Exergy
Units [C] 4 [bar] Flows Density Enthalpy Entropy [MW] Flow Exergy Flow Rate
[kg/sec] [kg/cum] [kJ/kg] [kJ/kg-KI [m®/s] [kJ/kg] [MW]
VAR Cooling System
1.00 31.76 5.98 3.47 710.25 8088.55 10.03 28,076.18 0.00 79.87 277.23
2.00 32.70 55.98 3.47 709.03 8080.26 10.00 28,047.43 0.00 80.45 279.27
3.00 126.72 55.98 3.47 305.26 7641.55 8.89 26,524.60 0.01 189.27 656.96
4.00 132.93 20.01 1.76 678.12 10,146.51 6.83 17,864.06 0.00 256.68 451.91
5.00 62.77 20.01 1.76 772.93 11,011.45 9.00 19,386.89 0.00 37.63 66.25
6.00 62.77 5.98 1.76 772.93 11,011.45 9.00 19,386.89 0.00 37.63 66.25
7.00 89.42 5.98 171 3.39 3372.36 5.88 5768.40 0.50 278.83 476.93
8.00 12.89 5.98 1.71 17.37 4583.04 9.79 7839.25 0.10 235.45 402.73
9.00 53.23 20.01 1.71 583.02 4583.04 9.94 7839.25 0.00 280.21 479.30
10.00 132.89 20.01 1.71 10.14 3275.80 6.21 5603.22 0.17 475.52 813.38
11.00 132.89 20.01 1.71 10.14 3275.80 6.21 5603.22 0.17 475.52 813.38
12.00 132.93 20.01 1.76 678.12 10,146.51 6.83 17,864.06 0.00 256.68 451.91
13.00 132.89 20.01 0.00 0.00 10,144.21 6.83 0.00 0.00 256.64 0.00
Gas Turbine Cycle
AIR-IN 26.85 1.01 68.39 117 1.60 0.15 109.26 58.49 0.01 0.40
COMBGAS  1250.00 10.00 71.39 2.19 769.30 1.29 54,917.63 32.53 1157.71 82,644.27
COMPARE 364.18 10.00 68.39 5.41 351.11 0.26 24,011.01 12.64 315.01 21,542.31
FLUE-GAS 120.00 1.01 71.39 0.86 2191.88 0.32 156,470.02 82.68 26.34 1880.08
FUEL 60.00 10.00 3.00 5.88 4575.10 5.98 13,725.29 0.51 355.16 1065.47
GAS-OUT 124.00 1.01 71.39 0.85 2187.44 0.33 156,152.72 83.52 27.43 1957.97
HOTGAS 726.13 0.99 71.39 0.33 1469.72 1.42 104,917.63 215.85 418.49 29,874.36
Cascaded Steam-to-Steam Power System
1A 27.00 1.00 19.16 996.63 15,857.45 9.03 303,833.79 0.02 0.03 0.50
2A 27.31 50.00 19.16 998.72 15,851.66 9.03 303,722.96 0.02 5.05 96.76
3A 263.95 50.00 19.16 25.36 13,177.64 3.46 252,487.87 0.76 1017.57 19,496.97
4A 99.62 1.00 19.16 0.73 13,717.90 3.20 262,839.40 26.40 401.06 7684.35
1B 27.00 1.00 15.28 996.63 15,857.45 9.03 242,246.28 0.02 0.03 0.40
2B 27.21 35.00 15.28 998.08 15,853.44 9.03 242,184.96 0.02 3.54 54.02
3B 242.57 35.00 15.28 17.53 13,169.94 3.31 201,190.58 0.87 980.78 14,982.93
4B 99.62 1.00 15.28 0.71 13,669.47 3.07 208,821.58 21.60 410.75 6274.82
District Hot Water System
1D 25.00 2.00 150.00 997.21 15,865.70 9.06 2,379,855.57  0.15 0.12 17.64
2D 25.23 40.00 150.00 998.85 15,861.22 9.06 2,379,183.11  0.15 4.01 601.02
3D 25.23 40.00 120.00 998.85 15,861.22 9.06 1,903,346.49  0.12 4.01 480.82
4D 92.01 40.00 120.00 965.59 15,582.68 8.22 1,869,921.79  0.12 31.41 3769.58
5D 25.23 40.00 30.00 998.85 15,861.22 9.06 475,836.62 0.03 4.01 120.21
6D 66.50 40.00 30.00 981.41 15,689.32 8.52 470,679.70 0.03 15.03 450.94
7D 86.92 40.00 150.00 969.00 15,604.01 8.27 2,340,601.49  0.15 27.62 4143.25
8D 87.63 2.00 150.00 966.77 15,604.01 8.26 2,340,601.49  0.16 24.29 3643.86

Table A2. Table of components and balance equations.

Components Balance Equations:
w MBE: Y1y = Yy = m
) 2 EBE: E; + Wp = E;
ExBE: Ex; + Wp = Exy + E?‘D
Energy efficiency, np = EZW;P
PUMP Exergy efficiency, yp = 7’5"2‘/;5"1
Hot MBE: Y m; = Y} my = my
! : EBEZE1—E2:E3—E4
@] EXBE: Exq + Ex3 — Exy + Ex4 + Exp

B~

E,—E
Exergy efficiency, Yyrsg = E;“ll%]g:‘(;

Energy efficiency, ngrsg =
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Table A2. Cont.

Components Balance Equations:
MBE: Y m;, = Y oyt = m
AR ms = my + my
2 PRODUCT where m; = mpygL = %;[{J%/L
3 EBE: myhy + mgyg LHV = m3h;
FUEL where LHV = hFUEL
1 COMBUSTION ExBE: E E —E E
CHAMBER XBE: Exp + ExpyugL X3 + Exp

Energy efficiency, ncc = %

Exergy efficiency, o = £Xerop

TURBINE

ExpueL
MBE: Zl’i’ll = Eﬁl2 =
EBE: mhy = myhy, + Wgr, E; = Ex + Wgr
ExBE: Ex; = Ex, + Wt + Exp

Energy efficiency g1 = WGEZ

Exergy efficiency, Yo = 7, EEXZ

Cold Stream

MBE:‘Zmin. = Z.mout.: my
EBE:E; +E3 =E; + E4
ExBE: EXD = (EXl -+ EX3) (EX2 + EX4)

Energy efficiency, nggx = =
HEAT EXCHANGER Exer; gy eff1c1ency, 11)HEX E]ii _Eii
1 2 MBE: } iy =)y =0
N EBE:E; =E,
EXPANSION VALVE

ExBE: EXD = l’i’llTo(SZ — 51)

2
—L GEN  |RECTIFIER =

.

GENERATOR

MBE: Zl’hl = mp + m3 = my
EBE: E; + Qggn = E» + Es

EXBE: Exp = (Ex1 + Qcen <1 - TGEN)) — (Exp + Ex3)

Energy efficiency ngen =

E
éXPmol
ExpueL

Exergy efficiency, gy =

w

MBE: Yy th; = Y 1hy =m
EBE: mjh; = myhy, B = E,
ExBE: Ex; = Exp + Exp

Energy efficiency, Ncomp = véc(j%
1
E
ATR COMPRESSOR Exergy efﬁCIenCy’ Il)Comp - ‘)/(\%Com:l
Q-COND MBE: } 1y =) my =
1 2 EBE: E2 = Qcond + El
EXBE: Exp = Ex — Ex1 — Qconn (1~ 1o )
CONDENSER Energy efficiency, nconp = %
Exergy efficiency, Wconp = E)’(‘:{E
3 MBE: Zml +m3:m2:m
LN 2, ExBE: Exp = Exj + Exz — Exp — Qags (1 - m
o o~ Energy efficiency, Npojler = %
@ ABSORBER Exergy efficiency, Wggjjer = E)’(‘FPS]‘;L
MBE: Y mh; = my =1
1 (N2 EBE: By + Qgyap = E1
QEVAP ExBE: Exp = Exq + Qgvap (TEV i 1) —Exo
EVAPORATOR

Energy efficiency, ngyap = E—

Exergy efficiency, Wpyap = o
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Table A2. Cont.

Components Balance Equations:

! MBE: El’i’ll = Zl‘hz = l'hw
EBE: jhy = myhy + Wgr, E1 = E; + Wgr
ExBE: EXl = EX2 -+ WST + EXD

3 Energy efficiency, ngt = %
STEAM TURBINE Exergy efficiency, bstr = gk
Total exergy destruction in the
VAP 4 Exp ot = Exp,Gen + Exp,conp + Expgvar + Exp aBs
Combustor
Chamber
83%

/ T ———__ Gas Turbine
Compressor i~

8%

Figure A1. Exergetic destruction in the gas turbine (Brayton) cycle.
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Figure A2. Exergetic destruction in cascade steam power plant (Rankine) cycle.



Energies 2024, 17, 1295

29 of 34

GEN
36%

SHX

g

SOL-Pump \
. \ \
Rectifier Valve-2 Absorber Ref-Evaporator

0% 0% 7% 17%

Ref-Valve

14%

Figure A3. Exergetic destruction in vapour absorption refrigeration (VAR) cycle.
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Figure A4. Effect of exergy destruction on the district’s water-heating system.
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Figure A5. Overall simulation of the integrated plant.
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