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ARTICLE INFO ABSTRACT

Handling Editor: Panos Seferlis This study introduces a novel integrated trigeneration system fed by biogas fuel from landfilling, promoting
environmentally sustainable practices. In the system proposed within this study, fuel combustion occurs through

Keywords: the implementation of a gas turbine cycle, while the subsequent waste heat is efficiently recuperated within a

Trigeneration process cascade framework. The combustion process is combined with a supercritical carbon dioxide cycle, an organic

Cascade heat recovery
Landfill biogas fuel
Eco-friendly design
Economic analysis
Carbon dioxide footprint

Rankine cycle, an ammonia Rankine cycle, a seawater desalination unit, and a Kalina cycle. The process is
simulated using the Aspen HYSYS software while conducting a comprehensive analysis encompassing the energy,
exergy, economic, and environmental aspects. In view of the thermodynamic perspective, the analysis yields
values of 70.28%, 24.89%, and 57.51% for the energy utilization factor, and thermal and exergy efficiencies,
respectively. The subsequent environmental results illustrate that the proposed scheme exhibits a carbon dioxide
emission level of 0.272 kgCOy/kWh, yielding a noteworthy reduction of 51.02% in carbon dioxide emissions
compared to a traditional power and heat generation system. Besides, the economic analysis demonstrates a
positive net present value of 779, 571, 045 $ for the proposed process. Furthermore, the total unit cost of
products and cost of energy are found at 12.25 $/GJ and 0.022 $/kWh, respectively.

and wastewater, which are introduced into an anaerobic digester.
Within this system, microorganisms facilitate the decomposition of these
materials, resulting in biogas generation (Yu et al., 2023). The biomass

Given the exhaustion of fossil fuel and hydrocarbon reserves, it is can subsequently be harnessed to generate thermal energy or electrical
imperative to deliberate on the utilization of alternate fuel or energy power using combustion engines and turbines (Han et al., 2023). The

sources (Cheng et al., 2023; Guedri et al., 2023; Wang et al., 2022). This heat produced can be used for water heating or generating thermal
energy, while the power can be used on-site or sold to the power grid

(Atelge et al., 2021). This ability has been evaluated in previous studies,

1. Introduction

technique, in combination with diverse production techniques, can
address the energy crisis in the future (Jiang et al., 2022). Biogas power
plants (BPPs) are known as one of the most important alternatives for some of which are reviewed in the following.

conventional plants that can produce power and heat utilizing organic Zhao et al. (2023) presented an innovative polygeneration process
waste as input fuel sources (Wang et al., 2023). The procedure involves that used biogas to produce potable water, CO2, methanol, and heat. The
aggregating biodegradable substances, including manure, food scraps, model was examined from the environmental, energy, economic, and
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Nomenclature Yco, Intensity of CO, emission
A Area Subscripts and Superscripts
e Specific exergy 0 Reference state

ch . CH Chemical
ef Standard molar chemical exergy F Fuel
].ED Exergy destruction in Input
E Exergy rate out Output
F Molar flow rate p Product
h Specific enthalpy PH Physical
i Annual interest rate tri Trigeneration
LHV Lower heating value
n Lifetime of the system Abbreviations
m Mass flow rate ARC Ammonia Rankine cycle
P Pressure BPP Biogas power plant
Q Thermal energy rate CCHP Combined cooling, heat, and power
R Universal gas constant CHP Combined heat and power
s Specific entropy COE Cot of energy
ty Annual working hours for plant FCI Fixed capital investment
T Temperature GHG Greenhouse gas
U Overall heat loss coefficient LNG Liquefied natural gas
v Molar volume NPV Net present value
W Power ORC Organic Rankine cycle

PES Primary energy savings

Greek symbols PRSV Peng-Robinson-Stryjek-Vera

C0: Total CO, emission SPU Supercritical power unit
n Isentropic efficiency SWDS  Seawater desalination section
Ael Electrical efficiency TAC Total annual cost
Mh Thermal efficiency TCI Total cost investment
B Emission factor TPC Total product cost
Pex Exergy efficiency TUCP Total unit cost of product
&co, Total indirect emissions WHR Waste hear recovery
9co, Total direct emission

exergy perspectives, showing low CO, emission intensity and high
exergetic and energetic efficiencies. Methane content of biogas was
increased through chemical absorption, improving the overall efficiency
and reducing production costs. Hai et al. (2023) suggested a process to
produce methanol, desalinated water, and oxygen with negative COy
emissions and lower costs using landfill gas upgrading. The process
included nine subsystems with high energy and exergy efficiencies, and
increasing the Hy/CO, ratio improved carbon and energy efficiency
while decreasing CO; emissions. He et al. (2023) evaluated an inte-
grated system that produced cooling load, electricity, and hydrogen
using biomass. Purification and steam reforming processes were com-
bined to increase the efficiency of hydrogen production with exergetic
and energetic efficiencies of about 31.14% and 31.51%, respectively.
Siddiqui and Dincer (2021) developed an energy system that used rice
husk biomass to generate power and produce multiple useful com-
modities while recovering waste heat. The system also included a water
treatment process that produced freshwater from wastewater brine with
69.4% as an energetic efficiency. Behzadi et al. (2020) evaluated a
biomass-fired system utilizing steam as the agent for gasification for
power and heat production, while minimizing the content of biogas
moisture to achieve high efficiency and low costs. Hashemian and
Noorpoor (2019) examined a multigeneration scheme relying on
biomass fuel and solar energy that generated electric power, hydrogen,
heating, potable water, and coolant. The system’s feasibility, environ-
mental impact, and optimization were analyzed using thermodynamic
analysis, exergoeconomic modeling, and optimization techniques. Safari
and Dincer (2019) proposed a multigeneration system to generate
power, potable water, hydrogen, and heat using biogas as fuel. Power
plant waste heat was utilized for desalination and heating while excess

electricity generation was utilized for electrochemical hydrogen pro-
duction. dos Santos et al. (2018) explored the utilization of renewable
biogas resources as an alternative feedstock for methanol production.
The study used mathematical modeling and simulation to compare four
different biogas sources for methanol production and found that palm oil
effluent was the most profitable source while landfill gas had limited
capacity.

Waste heat recovery technology (WHR) has become a popular so-
lution in various industries to reduce energy consumption and their
carbon footprint. It has been implemented successfully in power plants,
chemical plants, and other manufacturing facilities. The recovered
waste heat is able to be employed for providing heating for buildings or
industrial processes, generate electricity, or drive turbines. In addition
to reducing greenhouse gas emissions, WHR can also improve the total
operational system efficiency and reduce dependence on fossil fuels. By
integrating WHR into multigeneration systems, companies can enhance
their environmental sustainability and achieve significant cost savings
over time (Chen et al., 2022). Gu et al. (2023) described a co-generation
process that produced methanol by capturing CO; from power system
and using an alkaline reactor to supply hydrogen. A wasted heat re-
covery scheme with the environmental, energetic, financial, and exergy
perspectives employed to evaluate the process efficiency. The total
exergetic and energetic efficiencies achieved were about 76% and
64.13%, respectively. Zhang et al. (2023) evaluated using an organic
Rankine cycle (ORC) to regain heat in natural gas liquefaction. The study
illustrated that using an ORC cycle enhanced exergy efficiency, reduced
power consumption, and lowered CO emissions. A modified ORC
increased total exergy efficiency by 10.2% and reduced power con-
sumption by around 19%. Tian et al. (2023) proposed a scheme to
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generate electricity and potable water through cogeneration utilizing
waste heat recovery from natural gas integrated power plant, with an
efficiency of 74%. Using flue gas as the feed, the system produced 892.4
MWh of power and 6656.8 m® of potable water annually at a total
annual cost of 1,559,491.11 $ and 598,833.11 $/year as the return on
investment. Arslan and Yilmaz (2022) discussed using biomass as
renewable energy and integrating ORC to regain waste heat in an Afyon
biogas system. The outcomes demonstrated a growth in net power
production and performance. The study emphasized the importance of
waste heat recovery for optimizing biomass-based power plant perfor-
mance. Dai et al. (2009) focused on the use of ORC with various working
fluids to regain low-grade waste heat. The research found that organic
working fluids were more efficient at converting waste heat to useful
work. R236EA had the maximum exergetic efficiency, and adding an
internal heat exchanger did not improve ORC performance under given
conditions.

Combined heat and power (CHP) plants are well-organized plants
that yield both heat-based energy and electricity from a single fuel
resource. The process involves the generation of electricity and heat,
such as hot water or steam, in a single, integrated system. This high level
of efficiency can lead to considerable cost savings, decreased greenhouse
gas emissions, and improved energy security. Therefore, CHP systems
offer a sustainable and efficient energy solution that benefits both the
environment and the economy (Erixno et al., 2022). Regarding this, Liu
et al. (2023) suggested a new system that combined geothermal energy,
an electrolyzer, and an oxyfuel combustion power plant for efficient
production of multiple products. A thorough analysis is conducted on
various aspects such as energy, exergy, environment, and economics
through a parametric study, which demonstrates the effectiveness of this
approach with minimal carbon footprint. Cao et al. (2022) evaluated the
development of an integrated heat and power plants that utilized a
carbon dioxide (CO») Brayton cycle and a fuel cell. The study analyzed
parameters including equivalence ratio, fuel utilization factor, and fuel
cell temperature to determine their effects on power and heat produc-
tion. The research provided regression models and optimal conditions
for achieving maximum power and heat. Fang et al. (2021) proposed an
integrated electricity, heating, and cooling system that used the waste
heat of the exhaust gas and cold of the energy liquified natural gas. The
system achieved high efficiencies and low costs, as demonstrated
through thermodynamic and exergoeconomic analyses and single and
multi-objective optimizations. Mohammadi et al. (2018) analyzed a
combination of heat and power plant to recover maximum heat from
exhaust gases. The optimization of product cost rate and exergetic effi-
ciency was done through multi-objective optimization with seven
different decision parameters. The results demonstrated that steam
turbine back pressure and inlet pressure led to the maximum effect on
the exergetic efficiency and product cost rate. A combination of coolant,
heat and power (CCHP) arrangement consisted of a molten carbonate
fuel cell as its primary power source, a Stirling engine, and an absorption
chiller was introduced by Mehrpooya et al. (2017). The system provided
significant power output along with heat and cold duty, making it an
efficient solution for CHP applications.

The assessment of greenhouse gas emissions is crucial in determining
the environmental impact and identifying areas for reduction in multi-
generation systems. Analyzing these emissions can lead to economic
benefits through efficiency improvements, while also demonstrating a
commitment to sustainability and corporate social responsibility. Gas
emission assessment plays a critical role in promoting sustainable en-
ergy production and reducing the negative impact of human activities
on the environment (Salimi et al., 2022). Xiao et al. (2023) introduced a
system that combined methanol production, liquefied natural gas, and
crude helium was highly efficient with regard to energy and exergy.
Moreover, the environmental analysis illustrated that the majority of
CO4 emissions were indirect, and the economic analysis estimated the
total annual cost and net present value of the proposed structure.
Elsayed et al. (2021) designed multigeneration system utilized waste
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heat to drive various cycles. The results depicted a 34.2% reduction in
energy consumption and a 39.3% reduction in CO2 emissions made a
comparison of stand-alone systems for potable water, electricity, and
cooling production. Chahartaghi and Sheykhi (2018) perused a trigen-
eration system that reduced fuel consumption and pollutant emission by
using different cycles. The study investigated the impacts of heater wall
temperature, engine rotational speed, regenerator length, CO4 emissions
reduction, and fuel consumption. The results indicated a reduction of
31.83% in fuel consumption and 38.44% in CO5 emission compared to
common energy plants. A novel approach called trigeneration CO2 emis-
sion reduction (TCO2ER) was evaluated by Chicco and Mancarella
(2008a) to evaluate the CO; reduction and other greenhouse gas emis-
sions from CCHP and CHP plants. The effectiveness of this approach was
demonstrated for various trigeneration and cogeneration plants. Chicco
and Mancarella (2008b) provided particular examples to demonstrate
the efficacy of TCO2ER indicator in evaluating greenhouse gas (GHG)
emission reduction from plants. The paper evaluates various emission
indicators for multigeneration plants with various of equipment and
carries out scenario analyses to examine emission reduction advantages
in regions with different energy generation frameworks.

Based on the literature review conducted, it can be inferred that the
employment of biomass-biogas-based multigeneration configurations
presents a viable solution for sustainable production, marked by
commendable thermodynamic, economic, and environmental perfor-
mances. However, further investigation is required to determine the
optimal means of waste heat recovery in order to effectively reduce the
emission of CO, and enhance the overall efficiency of the configurations
under consideration. In this regard, the main innovations corresponding
to the proposed study are summarized as follows:

e Limited research has been undertaken to demonstrate the viability of
utilizing biogas fuel derived from landfilling for multigeneration
purposes. Therefore, the present study introduces and assesses an
innovative multigeneration system utilizing this approach for the
first time.
This study presents a development of an effective cascade heat
integration strategy within the framework of a biogas-fired power
plant. The primary objective of this integration is to diminish the
level of thermodynamic irreversibility, thereby enhancing the over-
all exergy efficiency in comparison to prior investigations. This study
incorporates a supercritical power unit, a Kalina cycle, an ORC/ARC
power plant, and a seawater desalination unit.

Primary energy savings (PES) by reducing the consumption of pri-

mary energy when producing power and heat separately (product

separation) compared to other studies.

e The devised system presents an environmentally friendly method
featuring reduced CO5 emission in contrast to preceding research
endeavors to generate electricity, heating, and fresh water
simultaneously.

The computational emulation of this system has been executed via
the Aspen HYSYS software, followed by a comprehensive evaluation
encompassing the four domains of energy, exergy, economy, environ-
ment (4E). Furthermore, a sensitivity parametric analysis is carried out
to illustrate the fluctuation of primary performance indicators in
response to the operating parameters of the system.

2. Process description

Fig. 1 presents the overall schematic of the integrated trigeneration
process. This new structure designed based on cascade heat integration
method is essentially a CHP system that utilizes thermal integration
through water desalination. Cascade heat integration is widely recog-
nized as a highly efficient approach for heat recovery and generating
additional products. In accordance with this method, the enthalpy level
of the energetic waste stream is aligned with the subsequent subsystem,
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Fig. 1. Schematic diagram for the proposed Trigeneration process.

thereby sequentially facilitating heat recovery. In addition, the proposed
process has an extensive heat exchange network for recovering waste
heat in all subsystems, which results in maximum fuel efficiency for LF
biogas. The only source of energy for this new process is biogas produced
from waste disposal, which generates a significant amount of energy
upon combustion in the chamber and is made available to other
subsystems.

This proposed structure consists of sections such as the BPP, super-
critical power unit (SPU), Kalina cycle, ORC/ARC power plant (OAPP),
and seawater desalination section (SWDS). Fuel combustion in the BPP
produces a large amount of energy that supplies all the electricity
needed in the process, and the excess electricity generated in other
subsystems can be used for domestic or industrial purposes. The flue gas,
which contains a significant amount of energy, acts as the driving force
in the subsystems. In addition, to achieve higher heat integration, a fluid
with a high critical temperature (octane) is employed in the OAPP sec-
tion, and as a result, the excess heat of the turbine is also utilized in the
ammonia Rankine cycle (ARC). Another example of heat integration in
the proposed structure is the use of flue gas temperature, which de-
creases after heat exchange in different sections and is used for partial
condensation (reducing cold utility) of the fresh water steam flow in the
SWDS subsystem. Additionally, in the KC section, a heat recovery
exchanger is used to condense the working fluid for hot water produc-
tion (in common systems, this is done via cooling water, and no product
is produced in this way). In other words, by adding a heat recovery heat
exchanger to the Kalina cycle, instead of generating a single power
product, this cycle simultaneously generates two products of heat and

power.
Therefore, the applications of heat integration in new structures
include the following:

e Using a seawater desalination system and recovering waste heat from
flue gas.

e Using a heat recovery exchanger to produce hot water from waste
heat from flue gas.

e Using waste heat in the KC cycle and producing hot water.

e Using the flue gas temperature for condensing water vapor under the
SWDS subsystem and reducing cold utility.

Also, the potential enhancements in operational processes, aiming at
achieving cleaner and sustainable production framework, can be iden-
tified as follows:

e The proposed system demonstrates a noteworthy impact in miti-
gating methane utilization and CO5 emissions by utilizing a biogas
fuel available from landfill resources.

e The proposed system exhibits several notable advantages concerning
low irreversibility, per the principles outlined by the second law of
thermodynamics. Furthermore, comparing this work’s energy and
exergy efficiencies with previous studies suggests that the designed
system exhibits superior performance, leading to higher
sustainability.
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2.1. Biogas power plant

In this section, landfill biogas (stream 1) is mixed with air and sup-
plied to the combustor. The air (stream 2) is first compressed by the K-
100 compressor before entering the combustor (CRV-100), and then
preheated by the E-100 heat exchanger (stream 4). Hot air passes
through the T-100 turbine, expanding and generating power. The
required increase in air temperature for combustion is achieved through
the hot gas exiting the combustion chamber (stream 7). After heat ex-
change with the combustion air (stream 9), the hot gas splits into two
parts and is sent to the desired subsystems as a driving force. This sub-
system diagram can be seen in Fig. 2.

2.2. Supercritical power unit

According to Fig. 2, stream 11, which is a part of the hot flue gas,
evaporates supercritical CO, working fluid in the E-101 heat exchanger
(stream 13). After reaching the desired conditions, the fluid enters the T-
101 turbine, where its expansion generates power. The turbine output
(stream 15), by passing through the E-102 to E-104 heat exchangers, is
cooled to a lower temperature and is then compressed to a higher
pressure that can be sent back to the E-101 heat exchanger (stream 21)
via the compressor. The K-101 compressor output has reached a higher
temperature before the evaporator (stream 23) through heat exchange
with the hot output fluid from the turbine, which also increases power
generation. In this cycle, hot water is produced as a result of energy

NH;
K: compressor
Sea water Water Octane T: turbine
Flue gas | Kalina cycle CO, VLV: valve
Landfill _ A _ N Gas-air P: pump

S: separator
E: exchanger

@ m i g CRYV: chamber

Exchanger Turbine Valve pump Compressor

- O

Compressor Exchanger Separator

K-100 | 4

7
-2..)
-100 T-100 CRV-100
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integration through the E-104 heat exchanger (stream 20).
2.3. Kalina cycle

The flue gas outlet from the SPU subsystem (stream 12) evaporates
the working fluid, which is a mixture of water and ammonia (stream 25),
in the E-105 heat exchanger and generates power by expanding steam in
the T-102 turbine. The turbine output enters the S-100 separator as a
two-phase flow, and the separated steam (stream 28) is expanded again
by the T-103 turbine. The liquid taken from the S-100 separator passes
through the E-106 recuperator, and after its pressure becomes equal to
the outlet fluid pressure of the T-103 turbine at the VLV-100 expansion
valve, it is mixed in this flow. The resulting mixture (stream 33) has a
suitable temperature for producing hot water, and for this purpose, heat
recovery and fluid condensation are also used in the E-107 heat
exchanger (stream 34). The working fluid reaches the evaporator pres-
sure again through the P-100 pump and, after passing through the
recuperator and preheating, enters the Kalina cycle evaporator.

2.4. ORC/ARC power plant

The hot flue gas from the BPP subsystem (stream 10) is the driving
force for the OAPP subsystem, and for this purpose, it is used in the E-
109 heat exchanger to evaporate the octane working fluid (stream 43).
Octane enters the T-104 expansion turbine in the vapor phase and at
high pressure, where the working fluid expands and power is generated.

6\ n
:Q’i\' DgNKING‘_
m‘ 68
— ¢

Fig. 2. Process flow diagram for proposed process.
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The turbine output has a desirable temperature for heat recovery, so this
temperature is used as the driving force in an ARC. Stream 45 evaporates
the ammonia in the E-110 heat exchanger, and the thermal energy is
converted into electrical power in the T-105 turbine. Ammonia becomes
completely liquid again after expansion (stream 50) through the E-111
heat exchanger, and is re-entered into the Rankine cycle through the P-
102 pump. Essentially, the ARC is a condenser for the ORC with the
octane working fluid, whose main task is to recover waste heat. Finally,
the octane fluid (stream 46) in the liquid phase is directed towards the
evaporative heat exchanger through the P-101 pump at a pressure of
2000 kPa. The process flowchart for this cycle is also shown in Fig. 2.

2.5. Seawater desalination section

The flue gas enters the E-108 heat exchanger (stream 24) and pro-
duces hot water (stream 41) after exchanging heat with the working
fluid. Next, stream 39 is sent to the E-117 heat exchanger for partial
condensation of fresh water vapor (stream 70) (Fig. 2). The main driving
force for seawater evaporation (stream 55) is the flue gas from the E-109
heat exchanger, which evaporates seawater in the E-112 heat exchanger.
Seawater evaporates in three stages at 25, 15, and 10 kPa pressures. The
operation of each effect is such that seawater enters the evaporator after
pressure reduction, which consists of E-112 to E-114 heat exchangers,
and after each evaporator, S-101 to S-103 separator units are used to
separate fresh water vapor. Finally, the steam streams (61, 66, and 67)
are collected in a mixer (stream 69), and condensation takes place in the
E-116 to E-117 heat exchangers, resulting in fresh water production
from the E-116 heat exchanger (stream 72).

3. Simulation of the process

Fig. 3 shows the complete simulation diagram of the proposed pro-
cess. This process is numerically modeled using Aspen HYSYS Version
10, which is a specialized tool with high computing power and speed.
Recently, many papers have been published on the modeling of multi-
generational systems using this software, and it seems that an
emerging generation of studies on multi-generational systems is being
developed utilizing Aspen HYSYS (Zhao et al., 2023; Gu et al., 2023; Liu
et al., 2023; Xiao et al., 2023).

Peng-Robinson’s state equation has been recommended previously

Journal of Cleaner Production 425 (2023) 138664

Tian et al., 2023). The formulation of Peng-Robinson’s state equation is
given below (Lujan et al., 2012):

045272482 ()’
RT E
P= 007780RE 12 - 2 &)
_ 0 . Vv24+2bv—b
P

Pr
In Eq. (1), P is pressure, T represents temperature, and v is molar

and

Pr Pr

2
0.452724R? (Tl) 0.07780R -
P P

volume, and the terms are respectively

equivalent to constants a and b in the state equation. Additionally, - 1-and
PT represent critical temperature and critical pressure, respectively (Peng
and Robinson, 1976). The simulation assumes the following:

e The system is in a steady state (Liu et al., 2023).

e Heat losses in heat exchangers are negligible (Liu et al., 2023).

e Biogas impurities are ignored.

e Kinetic and potential energies are negligible (Ji-chao and Sobhani,
2021).

e All pumps, turbines, and compressors operate under a specific isen-
tropic efficiency (Ji-chao and Sobhani, 2021).

In Tables 1-3, the most critical input information for simulation,
thermodynamic conditions (temperature, pressure, and flow rate) for
the entire process streams, and the percentage composition of the main
flowsheet points are listed, respectively (see Table 4).

3.1. Validation of model

In this part of the study, validation of simulation results is performed,
and the results of the Aspen HYSYS flowsheet (Fig. 3) are compared with
reference papers (Ji-chao and Sobhani, 2021; Ahmadi et al., 2013).
Tables 5-8 report comparison results for the gas turbine subsystem,
Kalina cycle, supercritical CO3 cycle, and ORC. There is a high corre-
lation between the Aspen HYSYS results and the reported values in pa-
pers (Ji-chao and Sobhani, 2021; Ahmadi et al., 2013), indicating the
high accuracy of the Peng-Robinson state equation and the information
entered into the software for convergence, according to Table 1.

Based on the findings presented in Table 5, it is evident that the gas
turbine cycle analysis conducted in this study exhibits a maximum
relative error of 3.64% in comparison to the corresponding results ob-

for simulating power and heat generation systems (Zhang et al., 2023; tained by Ji-chao and Sobhani (2021). Table 6 shows the highest relative
‘ 3 100 -
S
43 P-101 * s
- Analysis
f{ - = T—1°ﬂ CRV-100 Calcul
A P 47 w1
i E-110 4 K 100 ‘
49
- P-102 [2 —o—-é
-‘-QC 39 prm
51 E-101 Q70
E-108 -
E-111 — — 72
-— -
= !;:J 4—4& 14 13 E-116 =
105 by
_1 - lien 4= 19
E-102 E-103 E-104 i
-‘_‘69_ 3 A
LT 16 17 =
L
E-107 W4 27 T 20 VLV102
103 5100 = =
d—— K-101 Q3
36 b3 4 R c $-103
T-102 L ‘ 22 -
E 106 < 3 L?s'
P-100 [d—-— -
- 61 69
L 37 38 i 62 E14 66
* 1——-D<]<—v——|
60 5-102
s 2 vivoo 7! TS
- T104
— % |_
45 = -+
3 VLV-103

Fig. 3. Schema of the proposed process simulation.
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Table 1
Parameter values for proposed process simulation.

Biogas Power Plant

Air inlet temperature (°C) (Ji-chao and Sobhani, 2021) 25
Landfill Gas Composition (dos Santos et al., 2018) Mole %
CO, 50
CH4 35

Ny 15
T-100 outlet pressure (kPa) (Ji-chao and Sobhani, 2021) 101
K-100 outlet pressure (kPa) (Ji-chao and Sobhani, 2021) 1418
Air temperature from E-100 (°C) (Ji-chao and Sobhani, 2021) 11241
Supercritical Power Unit (Ji-chao and Sobhani, 2021)

Working fluid CO,
T-101 outlet pressure (kPa) 7500
T-101 Inlet pressure (kPa) 37,500
K-101 outlet pressure (kPa) 37,500
K-101 Inlet pressure (kPa) 7500
Ho t water temperature (°C) 55
Kalina Cycle (Ji-chao and Sobhani, 2021)

Working fluid NH3-H,0O
T-102 outlet pressure (kPa) 2000
T-102 Inlet pressure (kPa) 20,000
T-103 outlet pressure (kPa) 247
T-103 Inlet pressure (kPa) 2000
Ho t water temperature (°C) 55
P-100 outlet pressure (kPa) 20,000
P-100 Inlet pressure (kPa) 2000
VLV-100 outlet pressure (kPa) 247
Organic Rankine Cycle (High Temperature) (Ahmadi et al., 2013)

Working fluid n-octane
T-104 outlet pressure (kPa) 28.09
T-104 Inlet pressure (kPa) 2000
P-101 outlet pressure (kPa) 2000
P-101 Inlet pressure (kPa) 28.09
E-109 pressure drop (kPa) 0.0
Octane temperature from E-109 (°C) 400
Rankine Cycle (Low Temperature) (Dai et al., 2009)

Working fluid NH3
T-105 outlet pressure (kPa) 1003
T-105 Inlet pressure (kPa) 3900
P-102 outlet pressure (kPa) 3900
P-102 Inlet pressure (kPa) 1003
Sea Water Desalination Section

Sea water inlet pressure (kPa) (Ghorbani et al., 2020) 101.3
Sea water inlet temperature (°C) (Ghorbani et al., 2020) 25

Sea water flow rate (kg/s) 25.72
S-101 operating pressure (kPa) 25
S-102 operating pressure (kPa) 15
S-103 operating pressure (kPa) 10
E-116 temperature (°C) 35

error observed for the supercritical CO5 cycle compared to Ji-chao and
Sobhani (2021) is 6.55%. Table 7 shows that the Kalian cycle has the
highest relative error of 2.68% compared to Ji-chao and Sobhani (2021).
According to the data presented in Table 8, a comparison is conducted
between the compositional aspects of the current study and the study
conducted by Ahmadi et al. (2013). This comparison demonstrates the
highest relative error of 2.01%.

4. Analysis of the process
4.1. Energy analysis

Energy analysis is of utmost significance as it facilitates a thorough
comprehension of energy systems and their consumption/production
patterns (Cheng et al., 2021). Through the implementation of energy
analysis, it is possible to evaluate the effectiveness and long-term
viability of different energy sources and systems (Haghghi et al.,
2023). Moreover, energy analysis contributes to the formulation of
policies by offering recommendations based on empirical evidence with
regards to the attainment of energy security, curbing greenhouse gas
emissions, and advancing the objectives of sustainable development (Xu
et al., 2022).
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Considering the first law of thermodynamics, the general energy
balance equation is given as Eq. (2). Here, Q is the heat rate, W is the
power, m is the mass flow rate, and h is the specific enthalpy.

Q-W="> rih — > rih, @

In addition, the energy balance equations are listed in Table 9 for all
components used in the proposed process (Mofrad et al., 2023; Gos-
wami, 2004).

The proposed process in this paper is a trigeneration structure, or, in
other words, a CHP system which is also integrated using a seawater
desalination cycle and fresh water production. Therefore, a very sig-
nificant energy index for the proposed process is the energy utilization
factor (EUF or fgy), which is the sum of electrical efficiency (A¢) and
thermal efficiency (Ay,) and is defined based on Eq. (3) (Chicco and
Mancarella, 2008a; Horlock, 1987).

feu =Ael + A 3
« Tri

At = Yot @)
Qin

Ay = et ®)
Qin

In Eqgs. (4) and (5), Q;, represents the input energy to the structure,
which is equal to the energy of the gas fuel flow (Eq. (7)) (Ji-chao and
Sobhani, 2021). Furthermore, W::t
(Ji-chao and Sobhani, 2021), and Qe is the heat transfer rate of the
heat exchangers (Eq. (8)) for hot water production, which is obtained
through E-107, E-108, and E-104 heat exchangers. The heating value of
the input fuel (LF biogas) is 8829 kJ/kg.

W= Y We =Y We -3 W, 6)

Qin =My X LHVjyel @)

is the net power generated (Eq. (6))

Qear = Titzg X (hyg — hss) + tingg X (hyy — hag) + ity X (hag — hyo) ®

The second energy evaluation index for the proposed process being
studied is primary energy savings (PES). This parameter demonstrates
how much energy is saved by the proposed process compared to con-
ditions where heat and power are produced separately, known as sep-
aration product (SP). PES is defined by Eq. (9). In Eq. (9), A5 and A are
the electrical and thermal efficiency for the separation product,
respectively, with values of 0.3 and 0.8, respectively (Chahartaghi and
Sheykhi, 2018; Chicco and Mancarella, 2008a).

My X LHV el

W G
W+ S
‘el th

PES=100 x | 1 (C)]

In the following, according to the definition of efficiency of the first
law of thermodynamics, equations related to the energy and electrical
efficiency of subsystems are presented in Table 10.

4.2. Exergy analysis

Exergy analysis offers a comprehensive understanding of energy
quality and potential utility within a given system, surpassing the con-
ventional thermodynamic analysis that relies exclusively on energy
balances (Chitgar et al., 2023). Considering this concept, it becomes
feasible to uncover the ineffectiveness and wasted energy, thereby
facilitating the suggestion of enhanced solutions across diverse sectors,
including energy conversion, industrial operations, and environmental
systems (Cao et al., 2020). In addition, exergy analysis optimizes the
design of energy systems, facilitating the identification of promising
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Table 2
Operational conditions of streams of the designed system.
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Stream T (°C) P (kPa) F (kmole/h) Stream T (°C) P (kPa) F (kmole/h)
1 25 1.01 5656 2 25 1.01 49,910
3 401.7 14.18 49,910 4 1124 14.18 49,910
5 517.3 1.01 49,910 6 451.8 1.01 55,570
7 1246 1.01 55,570 9 655.1 1.01 55,570
10 655.1 1.01 28,900 1 655.1 1.01 26,670
12 542 1.01 26,670 13 327.2 375 8180
14 549.9 375 81,800 15 362.8 75 8180
16 295.6 75 8180 17 203.3 75 8180
18 48.85 75 8180 19 25 1.01 31,050
20 55 1.01 31,050 21 200.8 375 8180
22 271.6 375 8180 23 327.2 375 8180
24 56.61 1.01 26,670 25 51.84 200 10,220
26 364.3 200 10,220 27 185.4 20 10,220
28 185.4 20 8648 29 185.4 20 1575
30 106.6 2.47 8648 31 47.29 20 1575
32 47.66 2.47 1575 33 105.7 2.47 10,220
34 26.99 2.47 10,220 35 25 1.01 132,800
36 54.95 1.01 132,800 37 29.82 200 10,220
38 51.84 200 10,220 39 39.54 1.01 26,670
40 25 1.01 5968 4 54.95 1.01 5968
52 90 1.01 28,900 43 85.9 20 4289
44 400 20 4289 45 332.3 0.2809 4289
45 332.3 0.2809 4289 46 84.96 0.2809 4289
47 85.9 20 4289 48 26.36 39 22,000
49 77.36 39 22,000 50 25.27 10.03 22,000
51 25.27 10.03 22,000 52 26.36 39 22,000
53 39.54 1.01 28,900 54 25 101.3 5000
55 27.25 0.2500 5000 56 65.39 0.2500 5000
57 65.39 0.2500 686.8 58 65.39 0.25 4313
59 54.43 0.15 4313 60 54.49 0.15 4313
61 55 0.25 686.8 62 54.49 0.15 780.9
63 54.49 0.15 3532 64 46.36 0.10 3532
65 46.46 0.10 3532 66 47 0.15 780.9
67 46.46 0.10 838.6 68 46.46 0.10 2694
69 46.01 0.10 2306 70 46.01 0.10 2306
71 44 1.01 28,900 72 35 0.10 2306
73 46 0.10 2306 74 44 1.01 26,670
75 44 1.01 55,570

routes for advancement and searching for suitable energy conversion subsystems and the entire process are written (Table 12).

methods (Holagh et al., 2020). From the second law of thermodynamics, . . .

exergy is defined as the most useful work that can be obtained from a Ep =Ep + Ep a3

system in a particular state. Exergy is a property of the system, and it can .

also be described as the ability to do work. o :% 14)

F

The exergy of a stream includes both physical and chemical exergies
(Azariyan et al., 2021).

e=c" et 10)

The physical exergy of the stream of a substance can be defined as
follows (Eq. (11)) (Mohammadi et al., 2018; Ghorbani et al., 2017):

Cph:(hfhg)fTo(sto) (11)

where hy and sy are the enthalpy and entropy of the flow at ambient
temperature and pressure. Chemical exergy for a substance stream is
obtained from Eq. (12) (Ghorbani et al., 2020):

CCh = Z xie? + RTO Z Xi In XiY; (12)

The parameter y; represents the activity factor for component i,
which can be greater or less than 1. Chemical exergy can also be
calculated through Gibbs free energy (Ghorbani et al., 2020; Azariyan
et al., 2021). Furthermore, the exergy balance for equipment is calcu-
lated based on Eq. (13) in Table 11 (Fang et al., 2021). According to Eq.
(13), exergy destruction equations are written for all equipment
involved in the proposed process. Moreover, Eq. (14) (Nami et al., 2017)
is used to determine the exergy efficiency of each component and the
entire process’s exergy efficiency. Similar to the first law of thermody-
namics, using Eq. (14), the equations related to exergy efficiency for

4.3. Environmental analysis

COs, is a significant greenhouse gas predominant in global warming
and the subsequent shifts in climatic conditions. Hence, comprehending
and measuring COy emissions is paramount in effectively monitoring
energy systems’ environmental ramifications (Liu et al., 2022a).
Examining CO, emissions facilitates identifying and quantifying the
distinct contributions made by various energy sources, fuels, and tech-
nologies to the overall level of emissions. Consequently, this analysis
aids policymakers and researchers in placing greater importance on
adopting low-carbon alternatives (Fang et al., 2023). Moreover, the
analysis of COy plays a crucial role in informing the progress and
assessment of mitigation strategies specifically designed to decrease
emissions of greenhouse gases (Cao et al., 2021a). The assessment of
energy systems’ efficiency and carbon intensity through CO, analysis
serves to identify opportunities for improvement and optimize energy
processes. Consequently, this aids in the transition towards energy sys-
tems that are more sustainable and environmentally friendly (Liu et al.,
2022b).

Based on the proposed system, due to the presence of CO; in the
input feed, it is necessary to determine the net total emission ($592)
according to Eq. (15) for calculating the footprint parameter (Wei et al.,
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Table 3 2023).
Characterization of the components used in the designed system. K
co, [ X&co
Pumps Prer” ( h 2) =Eco, +8co, — Peo, (15)
Component 1, (%) W (kW) Pip (kPa) thi (Kg /) Poue (kPa) . o . . L
By determining the B> parameter, the intensity of CO, emission
P-100 85 1627 247 50 20,000 (Pco,) in the present process can be calculated using Eq. (16) (Ahmadi
P-101 85 551.7 28.09 136.1 2000
P-102 85 672.2 1003 104.1 3900 etal, 2013).
Heat Exchangers kgco, [355?3
Component  LMTD Heat duty  Min. Hot Pinch Cold Pinch Yco, KWh =T - B (16)
(9] kw) approach Temp (°C) Temp (°C) Wna + Qtear + Eneat
o One of the crucial indices relevant to trigeneration structures is tri-
E-100 151.5 322,500 1221 1246 1124.1 generation CO; emission reduction (TCOER), which indicates the per-
E'ig; ;‘213‘2 fi’;gg o ‘11015'26 235'11 ‘2399"85 centage of COy emission reduction in the proposed structure compared
E112 17.56 12, 420 12.3 39.53 27.25 to a conventional SP process. It is defined by Eq. (17) (Chicco and
E-115 3.813 1092 2 46 44
E-117 3.81 1008 2 46 44
E-113 0.57 8283 3.52 55 54.4 Table 5
E-114 2.94 9474 0.65 47 46.35 Comparison of simulation results for the gas turbine and combustion chamber.
E-101 151.9 28,940 105.26 655.11 549.85
E-102 29.41 76,000 24 295.46 271.64 Parameters Ji-chao and Sobhani Current Relative
E-103 8.13 10,400 2.43 203.25 200.82 (2021) study error
E-104 65.07 20,120 23.85 48.85 25 Air inlet pressure (bar) 1.01 1.01 0.00
E-105 4.76 116,600  42.28 56.61 51.844 Air inlet temperature [K] 298.15 298.15 0.00
E-108 5.31 3861 1.66 56.61 54.95 Chamber temperature [K] 1500 1519 1.25
E-106 56.77 4970 17.47 47.29 29.821 Chamber pressure (bar) 1.01 1.01 0.00
E-107 13.26 85,900 1.99 26.98 25 Air preheat temperature [K] 1397.25 1397 0.02
E-110 133.4 127,000 58.6 84.96 26.36 Air temperature from 674.93 674.8 0.02
Turbine compressor [K]
Component 1, (%) W (kW) Pin (kPa) i, (kg /5) Pout (kPa) Gas temperature from 949.93 928.3 2.33
preheater [K]
T-100 85 281,700 1418 400 101 Turbine inlet temperature 1397.25 1397 0.02
T-101 85 20,150 37,500 100 7500 K]
T-102 85 18,290 20,000 50 2000 Turbine outlet temperature 819.27 790.5 3.64
T-103 85 14,060 2000 42.16 247 [K]
T-105 85 15,740 3900 104.1 1003
Compressors
Component  nc (%) W (kW) Piy (kPa) thin (kg /5) Pour (kPa) Table 6
K-100 85 158,400 101 400 1418 Comparison of supercritical carbon dioxide cycle simulation results.
K101 85 11,330 37,500 100 7500 Parameters Ji-chao and Sobhani Current Relative
Interstage Coolers (2021) study error
Component Ty (°C) Tou (°C) AP (kPa) Q(kw) tiin (kg /) Compressor outlet 442.96 474 6.55
E-116 46 35 0.0 8729 11.54 temperature [K]
E-111 25.27 25.27 0.0 111,900 104.1 Compressor outlet pressure 375 375 0.00
[bar]
Separators 3 3 ) ) Turbine inlet pressure [bar] 375 375 0.00
Component T, ("C) Tout (“C) AP (kPa) 1y (kg /s) my (kg /s) Turbine inlet temperature 823 823 0.00
$-100 185.4 185.4 0.0 7.836 42.16 (K]
s-101 65.39 65.39 0.0 22.98 3.437 Turbine outlet pressure 75 75 0.00
5102 54.49 54.49 0.0 18.37 3.908 [bar]
$-103 46.46 46.46 0.0 14.18 15.14 Turbine outlet temperature 657.56 635.9 3.41
[K]
Evaporator inlet 627.5 600.3 4.53
temperature [K]
Hot water temperature [K] 328.15 328.15 0.00
Compressor inlet 303.15 322 5.85
temperature [K]
Table 4
Percentage composition of significant flows in the designed system.
Component 34 7 1 54 15 29 48
Mole Fraction
CO, 0 0.0865 0.5000 0 1.0000 0 0
CH4 0 0 0.3500 0 0 0 0
Ny 0 0.7249 0.1500 0 0 0 0
H2 0 0 0 0 0 0 0
(o2} 0 0.1174 0 0 0 0 0
NHj3 0.4136 0 0 0 0 0.1040 1
H,0 0.5864 0.0713 0 0.9876 0 0.8960 0
Octane 0 0 0 0 0 0 0
NaCl 0 0 0 0.0124 0 0 0
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Table 7
Comparison of Kalina cycle simulation results.
Parameters Ji-chao and Sobhani Current Relative
(2021) study error

T-102 inlet pressure [bar] 200 200 0.00

T-102 outlet pressure [bar] 20 20 0.00

T-103 inlet pressure [bar] 20 20 0.00

T-103 outlet pressure [bar] 2.47 2.47 0.00

T-102 inlet temperature [K] 637.5 637.5 0.00

T-102 outlet temperature 460.07 458.5 0.34
[K]

T-103 inlet temperature [K] 460.07 458.5 0.34

T-103 outlet temperature 381.43 379.7 0.46
[K]

P-100 inlet pressure [bar] 2.47 2.47 0.00

P-100 outlet pressure [bar] 200 200 0.00

E-107 inlet temperature [K] 380.97 378.8 0.57

E-107 outlet temperature 308.15 300.1 2.68
[K]

Expansion valve inlet 20 20 0.00
pressure [bar]

Expansion valve outlet 2.47 2.47 0.00

pressure [bar]

Table 8
Comparison of organic Rankine cycle using octane simulation results.
Parameters Ahmadi et al. This Study  Relative
(2013) error
Turbine inlet/outlet 400/335.7 400/ 0.00/2.01
temperature (°C) 329.1
Turbine inlet/outlet pressure 2000/28.09 2000/ 0.00/0.00
(kPa) 28.09
pump inlet/outlet pressure (kPa) ~ 28.09/2000 28.09/ 0.00/0.00
2000
pump inlet/outlet temperature 85/85 84.96/ 0.05/1.05
()] 85.9
condenser inlet/outlet 85/400 85.9/400 1.05/0.00
temperature (°C)
Mancarella, 2008a).
E .
y X (Mype; X LHV el
TCO2ER =1 — (vtl(,oz)sp : (Tri uel 5 uel ) i (17)
(Rdo2)sp X W + (P’COZ)SP xQ
Q _(F SP
(Pcoz)sp = (UCOZ)SP / My (18)

In Eq. (17), (pEo,)sp is the emission factor for fuel in the SP process,
(Mio2)sp is the emission factor for power generation in the SP process,
and (p&,,)sp is the emission factor for heat production in the SP process.
Eq. (18) defines the (p2,,)s, parameter.

4.4. Economic analysis

Through assessing the costs and advantages associated with various
energy sources and technologies, economic analysis facilitates the
identification of economically feasible and environmentally sustainable
solutions (Athari et al., 2022). This analysis facilitates the identification
of market deficiencies and routes for enhancement within energy sys-
tems, thereby empowering policymakers to formulate efficient regula-
tory frameworks and incentive mechanisms. In general, economic
analysis offers a quantitative and comprehensive comprehension of the
complex interactions between energy systems and the economy, thus
enabling the formulation of resilient energy policies and strategies (Jalili
etal., 2022). In this study, an economic and thermo-economic analysis is
performed on the proposed structure. Equations related to the basic
economic and thermo-economic parameters are listed in Table 13.
Additionally, economic assumptions are presented in Table 14. To
calculate the FCI and TCI, Table 15 is used, which expresses costs as a

10
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Table 9
Energy balance equations for equipment employed in the design system.

Components Energy Equations

K-100 tipghy + W = righg

E-100 mshs + myh; = mghg + mgohg

T-100 ghy = W + mishs

CRV-100 mghg = myhy

E-109 myghio + Mazhsz = mazhgs + thyghay

E-112 4zhsp + Msshss = mszhss + msehse

S-101 sehse = ms7hsy + msghss

E-113 tsohsg + msyhs; = meoheo + the1het

$-102 eoheo = Me2he2 + Mezhes

E-114 Mezhez + Meshes = Meshes + Meshes

S-103 eshes = Mmezhey + Meghes

E-115 tsshss + Meoheo = M7ohzo + thz1hyy

E-117 myoh7g + Mgghgg = m7zhzs + myahy4

E-116 tiizshys = Q+ myzhye

E-101 myghyy + mighis = mighiz + mighig

T-101 thishis = W+ myshys

E-102 yshis + mgghgy = mighie + mashas

E-103 tighie + Maha1 = mizhiy + mozhas

E-104 hi7hi7 + mighig = mighig + m2ohao

K-101 ighig = W+ g hyy

T-104 tigghas = W+ myshas

E-110 myghgg + Myshgs = maghge + Maghag

T-105 tigohsg = W+ thsohsg

E-111 thsohsy = Q+ s hsy

P-102 thsihs; + W = msahsy

P-101 mashas + W = azhsy

E-105 myghys 4 Moshas = maghas + Maghag

E-108 mgohgo + Maghas = maghsg + thgrhay

T-102 Igshge = W + mgzhgy

$-100 tho7hgy = mzghag + Mzohog

T-103 aghag = W + thaghsg

E-107 maszhsgs + m3shgs = m3ghse + maahss

P-100 taghzs + W = rgrhg,

VLV-100 ma1hs; = mazhsz

E-106 thaghoo + Mhgzhsy = msghss + aihs
Table 10

Equations related to the energy and electrical efficiency of the subsystems in the
designed system.

Units Equations
BPP W,
}\’ — )\’ — net
T T Higger X TV e
SPU _ Whet +1it20 X (hao — huo)
o 1 X (hi1 — hi2)
SPU N Whet
o miy x (hi1 — hiz)
KC o = Whet +M3e X (h3s — hss)
e Mz X (hi2 — hag)
K Ve
o miz X (hi2 — ha)
OAPP N Wit
e " tio % (1o — haz)
Overall e — Mo X (h2o — h19) + Mae X (h3s — h3s) + mMa1 x (ha1 — hao)
en — 3
Meyel X LHVfyel
Overall

. _E W - We-FW,
¢ Mggel X LHV el

function of the total equipment cost. The cost equations for heat ex-
changers, separators, the combustion chamber, turbines, compressors,
and pumps are also listed in Table 16, where A is area (m?), D is
diameter, L is height, m is in kg/s, and temperature (T) is in Kelvin.

5. Results and discussion

In this section, first, the results obtained by the 4E analysis are
provided, then the sensitivity study results are discussed.
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Table 11

Equations of equipment exergy destruction.

Components Exergy Equations
K-100 Ey+ W— Es

E-100 B3+ E; — B4 — Eo
T-100 Es— W— Es
CRV-100 Ee — E;

E-109 E10 + E4s — Eq2 — Eag
E-112 Es2 + Bss — Ess — Ese
§-101 Ese - I'357 - Ess
E-113 Eso + Es7 — Ego — Ear
5-102 Ego — Ee2 — Ees
E-114 Ee2 + Boa — Es — Egs
$-103 Ess - E67 - Ess
E-115 Ess + Ego — Ezo — Ent
E-117 E7o + Ego — Ezs — E7q
E-116 I'373 - I'372

E-101 Ell + El3 - Elz - lA‘:M
T-101 Big— W Bis

E-102 Eis + Egp — E16 — Eps
E-103 Ei6+ Ez1 — E1y — Enp
E-104 Ei7 + Eqo — E15 — Exo
K-101 Eig+ W — Epy

T-104 Eqq — W— Egs

E-110 Ess + Eas — Eao — Ese
T-105 ao — W— Eso

E-111 Eso - I'351

P-102 Es1 + W — Esy

P-101 B4+ W— Eyy

E-105 Ei2 + Eas — Egs — Eo4
E-108 Eaqo + E24 — Eso — Eqt
T-102 Ez — W— Ey

§-100 Ez7 - Ezs - E29
T-103 Eps — W— Ego

E-107 E33 + Eas — Eas — Eas
P-100 Eys+ W— Ey
VLV-100 Es1 — Eap

E-106 Eao + E37 - Ess - E31

Table 12
Equations related to the exergy efficiency of the subsystems and the exergy ef-
ficiency of the overall proposed process.

Units Equations
BPP P = Wnet _ Wnet
ex T - = ph —ch
Bruel  Epy + Eyol
SPU . ) T
Whet + QEIO4 X (1 - ﬁ)
Pex = —
o (E11 —Eq2)
KC . . T,
Whet + Qe107 X (1 - T*O)
H
Qg =————————~ “H7
. (E12 — Ea4)
OAPP Woet
Py =
“ (Bro —Ea)
Overall B To . To . . To
B Qe107 (1 - ﬁ) + Qe104 (1 - ﬁ) + Whet + Qg108 (1 - ﬁ)
Pex = a—
Efuel + Efuel
Overall : To : To : To
Qk107 (1 - *) + Qe104 (1 - *) + Q108 (1 - *)
th _ Tu Tu Ty
o = e
Efuel + Efel
Overall

q _XWr-YWe -3 W,

T
Efuel + Efuel

5.1. Energy analysis results

The overall energy efficiency of the new process is represented by the
parameter EUF. In addition, Fig. 4 illustrates the energy flow diagram,
and in Fig. 5, the energy (4.,) and electrical efficiency for subsystems are
compared. According to Fig. 4, the total input energy into the new
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Table 13

Equations related to basic economic and thermo-economic parameters.

Parameters

Equation

Fixed capital investment ($) (Liu et al., 2023)

Total capital investment ($) (Liu et al., 2023;
Sarcheshmehpoor, 2019)
Total annual cost ($/year) (Gu et al., 2023)

Direct cost + indirect cost
Other Outlays + Fixed capital
investment

(Direct cost + indirect cost) x
CRF + Energy Cost

capital recovery factor (Mohammadi et al., ix[i+1]"
2023) I+ -1
Net present value ($) (Ahmadi et al., 2020; (1+i)" -1
Tzivanidis et al., 2016) = TCL+ |cash flow x ix(i+1)"
total product cost ($/GJ) (Gu et al., 2023; Cao CRF x TCI X «
et al., 2021b)
1
ty x exergy product
Cost of Energy ($/kWh) (Mores et al., 2014) TAC
ty X energy product
Table 14
Assumptions considered in economic estimates.
Parameters Value
the interest rate (i) (Ji-chao and Sobhani, 2021; Mohammadi et al., 0.12
2023)
total operating time (t,) (Mohammadi et al., 2023) 8000
Maintenance factor («) (Ji-chao and Sobhani, 2021) 1.06
Plant expected life (n) (Ji-chao and Sobhani, 2021) 20 years
Cooling water cost (Wei et al., 2023) 0.354 $/GJ

Table 15

Coefficients related to direct and indirect cost estimates (Ahmadi et al., 2013;

Sarcheshmehpoor, 2019).

1. Fixed-Capital Investment (FCI)

A. Direct Costs (DC)

A.1. Onsite Costs (ONSC)
Purchased-Equipment installation
Purchased-Equipment Cost (PEC)
Instrumentation and Controls
Piping
Electrical Equipment and materials

A.2. Offsite Costs (OFSC)

Land
Service facilities
Civil, structural and architectural work
Total direct costs (DC) = (ONSC) + (OFSC)
B. Indirect Costs (IC)
B.1. Contingencies

90% PEC
PEC

40% PEC
70% PEC
15% PEC

10% PEC

100% PEC
90% PEC

25% sum of above

B.2. Construction costs 15% DC

B.3. Engineering and supervision 75% PEC
Total indirect costs (IC)
II. Other Outlays
Allowance for funds used during construction 15% FCI
Working capital 20% TCI
Startup costs 12% FCI

Table 16
Equations for estimating the cost of employed equipment.
Components Equations
turbine (Cavalcanti, 2017) 2210 x W7
Compressor (Liu et al., 2023) i 710.67
91562 x [1
445
Exchangers (Dincer et al., 2017) 103 x A065
Pump (Mahmoudan et al., 2022) 3540 x W°71
Chamber (Sadat et al., 2020) [1 + (0018T2-26.4)146 08 x 1y,
Py
0.995 — —
P,

Separator (Hai et al., 2023)

o

17640 x D% (m) x L802(m)
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Fig. 5. Comparison of electrical efficiency and energy efficiency of subsystems.

structure is equal to 441,400 kW, and the proposed structure, based on
the predicted configuration, can produce its own products, which are
fresh water, electricity, and heat, at rates of 11.54 kg/ s, 200,400 kW,
and 69,043.4 kW (55 °C hot water), respectively. Based on Fig. 4, the
overall results for evaluating the first law of thermodynamics are listed
in Table 17.

According to Fig. 5, it can be concluded that:

e Among the subsystems, the SPU subsystem has the highest electrical
efficiency (30.47%) and the OAPP section has the lowest electrical
efficiency (25.1%).

The comparison of the results indicates that the Kalina cycle is more
efficient than the combination of the ORC and the ARC.

Based on the energy efficiency values for the SPU and KC sections, it
is clear that heat recovery and heating production bring the effi-
ciency close to 100%, indicating the importance of heat recovery.
Based on the analysis, the OAPP section is the least efficient cycle in
the proposed process.
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Table 17
The overall results of the evaluation of the first law of thermodynamics for the
designed system.

Biogas Power Plant

Gross electricity produced (kW) 281,700
Net electricity produced (kW) 123,300
Energy inlet (kW) 441,400
Supercritical Power Unit

Gross electricity produced (kW) 20,150
Net electricity produced (kW) 8820
Energy inlet (kW) 28,944
Heating product (kW) 20,120
ORC-ARC Power Plant

Gross electricity produced (kW) 38,750
Net electricity produced (kW) 37,526.1
Energy inlet (kW) 149,526
Kalina Cycle

Gross electricity produced (kW) 32,350
Net electricity produced (kW) 30,723
Energy inlet (kW) 116,640
Heating product (kW) 85,900
Overall Process

Electric efficiency [%] 45.39
Thermal efficiency [%] 24.89
Energy utilization factor [%] 70.28
Primary energy saving [%] 45.18

Tables 18-20 compare important indicators for evaluating the first
law of thermodynamics with other studies. Regarding electrical effi-
ciency, Table 12 shows that the proposed structure has superiority over
other studies and methods. Also, the comparison of EUF indicates that
the proposed structure is much better in terms of energy efficiency than
other methods. This superiority is very significant compared to CHP
systems based on biomass and renewable energy sources (Table 13).
Furthermore, as shown in Table 14, the present process achieves sub-
stantial fuel savings (PES index) compared to similar multi-generation
systems (Mohammadi et al., 2018; Haghghi et al., 2023), and this in-
crease is noteworthy.

5.2. Exergy analysis results

Fig. 6 shows the exergy flow diagram for the proposed process. Ac-
cording to this figure, the total input exergy (LF biogas fuel exergy) is
equal to 475,850.44 kW, out of which kW 200,400 power, kW 8504.73
heat, and 11.54 kg/s of fresh water are produced. Based on Fig. 6, the
overall results related to the exergy evaluation are reported in Table 21.

According to exergy analysis, it is found that the proposed scheme
has an overall exergy efficiency of 57.51%, an electrical exergy effi-
ciency of 54.77%, and a thermal exergy efficiency of 2.74%. Further-
more, the exergy efficiencies of subsystems are compared in Fig. 7. This
figure shows that KC and BPP subsystems have the highest and lowest
efficiencies with values of 0.7142 and 0.259, respectively. Based on
Fig. 7, among the two systems SPU and KC, KC has a higher exergy ef-
ficiency and better thermodynamic performance for power generation
through waste heat recovery. In Table 22, the exergy efficiency of
various multi-generation systems that utilize different energy sources is
compared. The results indicate that using the biogas combustion method

Table 18
Comparison of electrical efficiency with other studies.
Other studies Process et [%]
Mehrpooya et al. (2017) CCHP with Stirling engine and molten 42.28
carbonate fuel cell
Chahartaghi and Sheykhi Trigeneration scheme relying on beta-type 27.31
(2018) Stirling engine
Bamisile et al. (2019) Renewable energy-based trigeneration 43.96
arrangement
This study Integrated trigeneration system based on 45.39
landfill biogas
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Table 19
Comparison of energy efficiency (EUF index) with other studies.
Other studies Process fru (%)
Safari and Dincer Biomass-based multigeneration arrangement 63.6
(2019)
Siddiqui and Dincer ~ Bio-waste-based multigeneration arrangement 66.4
(2021)
Gu et al. (2023) Power and methanol cogeneration arrangement 64.13

using CO; capture and heat recovery
Multigeneration system using oxyfuel combustion 47.2
and geothermal energy

Liu et al. (2023)

Journal of Cleaner Production 425 (2023) 138664

exergy efficiency of equipment. According to this table, the total exergy
destruction in the proposed system is 339,006 kW, and among the
subsystems, the biogas combustion and power generation BPP unit has
the most irreversibility with an exergy destruction of 183,501 kW (61%
as shown in Fig. 8). Fig. 8 shows that the fresh water production sub-
system has the lowest irreversibility with a 1% share. Also, based on the
results of Table 23, among the heat exchangers used for heat recovery,
the E-103 heat exchanger in the supercritical CO2 cycle has the highest
efficiency. Furthermore, in the overall proposed process, the CRV-100

Ogorure et al. Integrated multigeneration thermal power plant 63.62
(2018) Table 21
Bellos and Solar-driven trigeneration system 37.34 The overall results of the evaluation of the second law of thermodynamics for the
Tzwamdls (2021) ) ) proposed process.
This study Integrated trigeneration system based on landfill 70.28
biogas Biogas Power Plant
Gross electricity produced (kW) 281,700
Net electricity produced (kW) 123,300
Table 20 Exergy nlet (lkW) ) 475,850.44
Comparison of the PES index with other studies. Gl:g;rgel?éii;o;s;izg W) 20,150
Other studies Process PES[%)] Net electricity produced (kW) 8820
i i K Exergy inlet (kW) 19,029.6
Cao et al. (2022) Trigeneration scheme relying on beta-type 31.83 Heating Exergy product (kW) 1557.28
. X Stlrh.ng englr%e ORC-ARC Power Plant
Chahartaghi and Sheykhi Multigeneration arrangement 18 Gross electricity produced (kW) 38.750
(.201 8) . . Net electricity produced (kW) 37,526.1
This study Integrated trigeneration system based on 45.18 Exergy inlet (kW) 76.157.64
landfill biogas Kalirgia, Cycle T
Gross electricity produced (kW) 32,350
) . . . Net electricity produced (kW) 30,723
and harnessing the energy of combustion gases leads to an increase in Exergy inlet (kW) 52.396.22
the system’s thermodynamic efficiency compared to when the gasifi- Heating Exergy product (kW) 6648.61
cation method (He et al., 2023; Ji-chao and Sobhani, 2021; Ahmadi Overall Process
et al., 2013) or solar/hybrid sources (Hashemian and Noorpoor, 2019; Electric Exergy efficiency [%] 54.77

Sezer and Koc, 2019) are used.
Table 23 presents the results of exergy destruction estimation and

Thermal Exergy efficiency [%] 2.74
Total Exergy Efficiency [%] 57.51
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Fig. 6. Exergy flow diagram for the trigeneration process.
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0.8 Table 23
07142 Results of exergy destruction rate (kW) calculation for the proposed process.
Biogas Power Plant (BPP)
Components Ep Ep Ep Wiy
0.6 0.5453 K-100 158,400 147,320 11,080 0.93
. E-100 250,200 233,200 17,000 0.932
> 0.4927 T-100 294,000 281,700 12,300 0.958
;:‘J CRV-100 590,322 447,201 143,121 0.76
2 ORC/ARC Power Plant (OAPP)
m 0.4+ Components Ep Ep Ep 7
% E-109 76,159 62,444 13,715 0.82
Gj 0.259 T-104 24,280 23,010 1270 0.947
- E-110 38,607 17,041 21,566 0.44
T-105 17,499 15,740 1759 0.899
0.2 4 E-111 33,624 33,447 177 0.99
P-102 672 625 52 0.93
P-101 552 544 8 0.985
Supercritical Power Unit (SPU)
Components EF EP ED (Pix
0.0 T T T T
BPP SPU OAPP KC E-101 80,797 16,700 64,097 0.21
T-101 21,220 20,150 1070 0.949
Fig. 7. Comparison of subsystems exergy efficiency. E-102 3900 3640 260 0.933
E-103 4540 4290 250 0.945
E-104 4650 950 3700 0.204
Table 22 K-101 11,330 9520 1810 0.84
Comparison of overall exergy efficiency with other studies. Kalina Cycle (KC)
Components E E, E i
Other studies Process Pex [%0] i r P D LG
B R R E-105 52,326 19,635 32,691 0.375
He et al. (2023) rulnge::eratlonfarra.ngement relying on 31.14 T-102 19,615 18,290 1325 0.932
Hashemian and Sl(;gjs-;;i?:ne oml;mgd multigeneration 14 §-100 29,200 29,120 80 0.997
Nooroor (3019) oar & :’ ass-hased muttigeneratio T-103 15,346 14,060 1286 0.916
Ji 100 rp‘oog Sobhani ;{raﬂgen;en d multi " ¢ 40.97 E-107 11,923 4046 7877 0.339
1-:2:201‘;11 obhani iomass-based multigeneration arrangemen . P-100 1627 1347 280 0.827
E-1 11 2: .22
Ahmadi et al. (2013) Biomass-based multigeneration arrangement 22.2 06 39 49 890 0
. . R VLV-100 45 29 16 0.644
Mohammadi et al. Multigeneration arrangement based on solar 25.4 -
(2023) and geothermal energies Sea Water Desalination Section (SWDS)
Xue et al. (2022) Biomass-based multigeneration arrangement 16.72 Components Ep Ep Ep ol
Sezer and Kog (2019) Multigeneration arrangement based on wind 30.6 —
and solar energies E-112 1444 1260 184 0.873
This study Integrated trigeneration system based on 57.51 5-101 1260 1200 60 0.952
landfill biogas E-115 77 54 23 0.701
E-113 980 745 235 0.76
S-102 970 954 16 0.984
. . . . . E-114 842 634 208 0.753
C(?mbustlon chamber 1n'the blogasocombustlon gas turbine cycle has the E117 46 3 03 0.082
highest exergy destruction (42.22%). E-116 2006 1999 7 0.997
5.3. Environmental analysis results
. o . . . I BPP
In Fig. 9, the CO2 emission flow diagram of the trigeneration process
is presented. According to this plot, LF biogas fuel, which contains
10.8%

124,470.37 kg/h of CO3z (®¢o,) before combustion in the combustor,
reaches 211,599.62 kg/h of CO,, after combustion. Of this amount of COy
present in the exhaust gas, 110,031.8 kg/h is sent to the OAPP
subsystem.

The remaining flue gas, with a CO; content of 101,567.82 kg/ h, is
directed to the SPU subsystem. Except in the BPP section, the CO,
content in other subsystems remains unchanged, and due to heat inte-
gration, the total indirect emissions (§co,) from this system are zero.
Since the &g, parameter is zero, therefore, the value of pCO2 is equal to
the direct emissions (8¢o,), which according to Fig. 9, is equal to
87,129.25 kg/h.

According to Eq. (16), the ¥¢o, parameter for the proposed process is
equivalent to 0.272 kg, /kWh, and this value is compared with other
studies in Table 24. Table 24 shows the proposed structure has a lower
diffusion intensity than multi-generational methods that use biomass or
biogas energy sources.

Additionally, the (nd,)sp and (o, )gp parameters are 0.836 kg, /
kWh and 0.22 kgco,/kWh, respectively (Chahartaghi and Sheykhi,

B SWDS
[ oAPP

13.1%

—

54.1%

21%

Fig. 8. Comparison of subsystems exergy destruction.
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Fig. 9. Carbon dioxide flow diagram for the proposed process.

Table 24
Comparison of the ¥, environmental index with other studies.
Studies Process Yco, Reduction
(kgco, /KWh] [%]
Ahmadi et al. Biomass-driven 0.519 47.59
(2013) multigeneration
arrangement
Baghernejad SOFC-based multigeneration 0.363 25.06
et al. (2016) arrangement
Baghernejad Biomass-driven trigeneration  0.639 57.43
et al. (2016) arrangement
This study Integrated trigeneration 0.272 -
system based on landfill
biogas
Table 25

Overall results of the environmental assessment for the proposed
structure.

Parameter Value
Direct emission 211,599.62
Indirect emission 0.0

Total CO, emission 211,599.62
Total Net CO, emission 87,129.25
Specific CO, emission (kgco, / kWh) 0.272
TCOLER (%) 51.02

2018). Table 25 presents the overall results of the environmental
assessment for the proposed structure.

5.4. Economic analysis results

Table 26 presents the results of calculating the total cost for all
equipment, which amounts to $55,781,510. Also, results of estimating
direct and indirect costs are given in Table 27. Additionally, the total
investment cost of the project is equivalent to $523,267,174 (overall
results are shown in Table 28). The values of total produced energy,
exergy, and power from the proposed structure were obtained in the
thermodynamic evaluation section. Based on these values, three pa-
rameters, “cost of energy,” “cost of electricity,” and “TUCP,” are calcu-
lated as 0.022 $/kWh, 0.034 $/kWh, and 12.25 $/GJ, respectively. The

15

Table 26

Results of estimating the cost of used equipment.
Components Value ($)
E-116 360,500
E-104 515,600
T-103 1,770,036
E-108 1,620,300
S-100 164,400
E-112 1,681,900
T-105 1,915,559
E-102 172,949
E-105 752,125
E-111 903,900
E-106 240,800
P-100 1,310,800
E-113 529,200
S-103 173,900
T-100 11,420,227
K-101 801,029
T-101 2,170,114
E-109 13,088,500
K-100 4,689,754
S-102 171,000
E-103 370,887
E-114 958,900
E-100 965,804
E-115 654,100
E-117 479,400
P-102 381,900
T-104 2,498,814
P-101 407,300
E-107 1,214,800
E-101 194,356
T-102 2,127,854
E-110 552,400
S-101 177,300
CRV-100 345,102
Total equipment cost 55,781,510

NPV value shows that this structure has economic growth potential, and
its profitability is $779,571,045. Table 29 compares the TUCP compet-
itive index with other studies. According to Table 29, the proposed
structure has lower exergy production costs compared to methods based
on biomass, gasification, and produced gas combustion (Behzadi et al.,
2020; Sadeghi et al., 2018), as well as renewable energies (Mahmoudan
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Table 27
Results of estimating direct and indirect costs.

A. Direct Costs (DC)

A.1. Onsite Costs (ONSC)

Purchased-Equipment installation 50203359
Purchased-Equipment Cost (PEC) 55781510
Instrumentation and Controls 22312604
Piping 39047057
Electrical Equipment and materials 8367227
A.2. Offsite Costs (OFSC)
Land 5578151
Service facilities 55781510
Civil, structural and architectural work 50203359
Total direct costs (DC) = (ONSC) + (OFSC) 287274777
B. Indirect Costs (IC)
B.1. Contingencies 21231838
B.2. Construction costs 43091217
B.3. Engineering and supervision 41836133
Total indirect costs (IC) 106159188
II. Other Outlays
Allowance for funds used during construction 59015095
Working capital 104653435
Startup costs 47212076

Table 28
Overall results of the economic evaluation of the proposed process.
Parameters Value
Fixed capital investment ($) 393,433,965
Total capital investment ($) 523,267,174
Total annual cost ($/ year) 53,902,736
total product cost ($/ GJ) 12.25
Cost of Energy ($/ kWh) 0.022
Cost of Electricity ($/ kWh) 0.034
Net present value ($) 779,571,045
Table 29
Comparison of the TUCP index with other studies.
Other studies Process TUCP [$ /GJ]
Behzadi et al. Biomass-driven fuel cell-based 69.47

(2020) multigeneration arrangement

Mohammadi et al. Solar and geothermal-based multigeneration ~ 37.8
(2023) arrangement

Mohammadi et al. Multigeneration arrangement based on solar ~ 34.1
(2023) and geothermal energies

Sadeghi et al. Biomass-driven fuel cell-based 33.99
(2018) multigeneration arrangement

This study Integrated trigeneration system based on 12.25

landfill biogas

et al., 2022).

5.5. Sensitivity analysis results

Fig. 10 illustrates the variations in thermodynamic efficiencies and
the primary energy storage (PES) index in terms of the changes in the
outlet pressure of the T-100 turbine. Based on the analysis conducted,
increasing the outlet pressure of the gas turbine leads to a decrease in the
overall thermodynamic performance of the system and a reduction in
the PES index. The main reason for this is the decrease in overall net

power generation (WE;), which results in a decreased suitable utiliza-
tion of input energy.

In addition, according to Fig. 11, as the outlet pressure of the gas
turbine increases, the SCE environmental index also increases, and the
amount of CO, emissions reduction compared to the SP process
(TCO2ER) decreases, both indicating an increase in system pollution.
The SCE index has an inverse relationship with the amount of energy
and exergy produced, and as mentioned, with an increase in turbine
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Fig. 10. The effect of gas turbine outlet pressure on the overall thermodynamic
efficiencies of the system.
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Fig. 11. The effect of gas turbine outlet pressure on CO, footprint and the
TCOLER thermo-environmental index and thermo-economic indices of the
proposed process.
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Fig. 12. The effect of the flow rate of Kalina cycle working fluid on the PES
index and thermodynamic efficiencies.
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increases, and due to this decrease in energy production, the TCO2ER
parameter declines. Fig. 11 also shows that both TUCP and COE indices
increase with an increase in turbine outlet pressure, which is undesirable

because products are produced at a higher cost. Both COE and TUCP

. . . . . . < Tri .
indices have an inverse relationship with the W, . parameter (according

to Table 22 equations). Therefore, as power production decreases, their
trend increases. Accordingly, based on the results of the analysis, it is
preferable that the gas turbine outlet pressure does not increase (see
Fig. 12).

The second key parameter under investigation is the working fluid
flow rate in the Kalina cycle. Fig. 13 indicates that increasing the fluid
flow rate improves thermodynamic performance and the PES index. The
reason for this is an increase in power production and cooling, which
leads to an increase in overall exergy efficiency and electrical exergy
efficiency. In addition, increasing the working fluid flow rate in the KC
subsystem enhances the TCO2ER index (Fig. 13), which is due to an
improvement in the overall thermodynamic efficiency of the proposed
process since TCO2ER depends on the energy produced, according to Eq.
7).

As mentioned earlier, increasing the flow rate of the working fluid in
the KC subsystem leads to an increase in total net power generation and
exergy efficiency. Increasing exergy efficiency while exergy availability
remains constant means an increase in exergy production. As a result,
these changes ultimately lead to a decrease in the TUCP competitive
index (Fig. 13). In Figs. 14 and 15, the variations of thermodynamic
efficiency and thermo-economic indices are investigated as functions of
inlet flue gas temperature in the SWDS section. According to Fig. 14,
increasing the flue gas temperature as the driving force of the SWDS
subsystem decreases the overall thermodynamic efficiency of the pro-
cess and reduces energy storage compared to the SP process. The main
reason for this issue is the reduction in power generation in the proposed
process turbines since less flue gas energy is directed towards the SPU
and OAPP subsystems. Moreover, the decrease in thermodynamic effi-
ciency is inversely related to measures such as TUCP and COE due to the
reduction in product production. Therefore, despite an increase in fresh
water production, raising the temperature of the input flue gas to the
SWDS will result in lower thermodynamic efficiency, reduced energy
storage, and increased production costs.

6. Conclusion
This study proposes an innovative structure that utilizes landfill

biogas fuel. The proposed structure is modeled using Aspen HYSYS
software, and various analyses such as energy, exergy, economic, and
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Fig. 13. The effect of the flow rate of Kalina cycle working fluid on the TCO,ER
thermo-environmental and the TUCP thermo-economic index.
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Fig. 15. The effect of flue gas temperature in the desalination section on
thermo-economic indices of the process.

environmental are conducted. Parametric studies and comparison of
results with other research papers are also performed to explain the
superiority of this novel process. The process structure is completely
new, and the system undergoes thermal integration through the super-
critical CO5 cycle, ORC, ARC, sea water desalination unit, and Kalina
cycle. Additionally, to improve heat recovery performance, the energy
available in the process is used to produce hot water via several heat
exchangers. The following is a summary of the results of this study:

e The thermodynamic evaluations indicate that the energy utilization
factor (EUF), exergy efficiency, and thermal efficiency are 70.28%,
57.51%, and 24.89%, respectively.

Evaluations show that the TCO,ER index for the proposed process is
51.02%. The parametric study demonstrates that the increase in gas
turbine outlet pressure and the increase in the temperature of the
input heat source to the seawater desalination subsystem are two
factors that reduce this competitive index.

Environmental assessment shows that there is no indirect emission
for the proposed structure (due to the heat integration network) and
the parameter S92 is equal to 87,129.25 kg/h. Comparison of CO
emission intensity (0.272 kgco,/kWh) with other studies indicates
the superiority of the environmental performance of the proposed
structure.
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e The economic analyses indicate that the total unit cost of products
and the cost of energy for the proposed structure are 12.25 $/ GJ and
0.022 $/kWh, respectively. The parametric evaluation explains that
increasing the flue gas temperature entering the SWDS and the gas
turbine’s output pressure are factors that challenge the mentioned
indices. However, increasing the working fluid flow rate in the
Kalina cycle reduces both parameters.

e Parametric studies describe that by increasing the outlet pressure of
the gas turbine and increasing the heat source temperature in the
desalination unit, the thermodynamic and thermo-economic per-
formance of the proposed structure decreases, mainly due to the
reduction in net power generation.

The present study encompasses certain limitations and practical
constraints, which are outlined hereafter:

o The existing system necessitates the availability and ease of access to
landfill gas resources to operate effectively. Hence, the efficient
collection and segregation of municipal waste is crucial in ensuring a
consistent and dependable supply of input fuel to the proposed
system.

The proposed system demonstrates elevated initial expenses related
to installation and configuration. Despite the favorable economic
outcomes observed during the implementation of the system, the
project may face potential restrictions due to the significant upfront
expenses.

The geographical scope of system deployment is restricted primarily
to coastal regions and areas with access to seawater sources due to
the utilization of the desalination cycle and the subsequent produc-
tion of fresh water.

According to the combined framework of the proposed system, more
attention to heat recovery components is needed to ensure the sus-
tainability and productivity of the system. Therefore, it is imperative
that the skilled workforce consistently evaluates the operational
variables in tandem with advanced machinery.

In addition, it is recommended that future studies investigate the
subsequent subjects:

e It is recommended to utilize fossil/hydrocarbon fuels rather than
biogas fuel for the purpose of conducting a comparative analysis of
the attained outcomes.

e It is advisable to apply the life cycle assessment (LCA) to compre-
hensively evaluate the proposed model from an environmental
viewpoint.

e It is advisable to perform a range of optimization scenarios,
employing thermodynamic, cost, and environmental criteria, to
achieve the system’s most efficient performance.
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