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ABSTRACT

Research subject: This study focuses on the design and evaluation of a novel integrated system for simultaneous multi-generation production. The
objective is to develop an efficient process capable of co-producing four outputs: electricity, heat, cooling, and pure carbon dioxide. The main innovation
lies in the combined use of biogas produced from corn cob fermentation and a carbon capture unit with net-negative emission capability. Distinctive
features of this design include thermal integration, such as utilizing recovered heat from gas turbine exhaust to supply energy to the carbon capture unit,
and leveraging the cooling potential from the liquefied natural gas (LNG) process.

Research approach: The designed system comprises key components, including a gas turbine, a chemical carbon dioxide absorption unit, an Organic
Rankine Cycle for waste heat recovery and additional power generation and a hot water boiler for heating supply. The system was simulated using Aspen
HYSYS software. For a comprehensive performance evaluation, four parallel analyses were conducted on the system: energy analysis, exergy analysis,
economic analysis, and finally, a sensitivity parametric analysis. The aforementioned parametric analysis was performed to examine the impact of key
operational parameters on performance indicators and to propose improvement strategies.

Main results: Based on the simulation results, the overall energy efficiency of the process was calculated as 52.19%, the exergy efficiency as 40.59%,
and the specific electrical efficiency as 41.96%. A major advantage of the system is approximately 34.1% fuel savings compared to separately producing
the same products. From an economic perspective, the total system cost rate was estimated at $ 496 per hour, and the cost per unit product at § 25.74/GJ.
Exergy analysis also revealed that the total exergy destruction within the system equals 8694 kW. Key results from the parametric analysis indicated
that increasing the combustion air temperature, due to reduced exergy destruction in the burner and heat exchanger E-100, leads to a significant
improvement in all performance indicators. Consequently, with this increase, the energy efficiency, exergy efficiency, electrical efficiency, and fuel
saving rate were enhanced to 0.6269, 0.4587, 0. 4720, and 0.4288, respectively.
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Figure 1 Schematic of the proposed new process based on biogas
fuel obtained from corn cob fermentation and liquefied natural gas
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Figure 2 Process flow diagram for the proposed integrated system
based on biogas and liquefied natural gas fuel
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Table 1 Baseline Data for Simulation of the Proposed System

Parameter ‘ Value

Gas Turbine System

Biogas fuel rate (kg/s) 0.6
Air flow rate (kg/s) 8
K-100 outlet pressure (kPa) 800
K-101 outlet pressure (kPa) 800
T-100 outlet pressure (kPa) 105
Organic Rankine Cycle
T-101 outlet pressure (kPa) 60
T-100 inlet pressure (kPa) 2560
Liquefied Natural Gas Cold Utilization
LNG flow rate (kg/s) 4
P-101 outlet pressure (kPa) 4000
T-102 outlet pressure (kPa) 300
Chilled water temperature (°C) 7

Carbon Capture Unit

Chemical solvent weight

. 0.3
concentration

Number of absorber column stages 17

Number of stripper column stages 10
Reboiler pressure (kPa) 200

Stripper condenser temperature
o 35
C)
Solvent flow to absorber (kmol/h) 2600
Stripper reflux ratio 0.25
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Table 2 Operating conditions and physical properties of process streams

Stream | Temperature | Pressure 1;:{3:: Enthalpy Entropy
No. (°0) (kPa) (kg/s) (kJ/kg) (kJ/(kg-°C))
1 25 101.3 0.6 491.74 6.621
2 206.6 800 0.6 732.23 6.676
3 25 101.3 8 0.2836 5.258
4 283 800 8 267.4 5.307
5 82.87 2560 5.362 2100 1.391
6 600 800 8 615.5 5.802
7 1388 800 8.6 68.07 6.897
8 837.5 105 8.6 636.1 6.97
9 569.6 105 8.6 959.9 6.636
10 526.5 105 8.6 1011 6.575
11 82.87 105 8.6 1496 5.705
12 300 2560 5.362 1322 3.04
13 226.3 60 5.362 1455 3.069
14 81.5 60 5.362 2106 1.387
15 82.87 2560 5.362 2100 1.391
16 -161.6 101.3 4 79.55 4.762
17 -159.4 4000 4 67.55 4.799
18 32.64 4000 4 95.46 9.490
19 -82.75 300 4 6.49 9.897
20 11 300 4 4.47 10.76
21 25 101.3 10.43 890.15 2.981
22 7 101.3 10.43 970.15 2.712
23 41.58 105 8.6 1550 5.545
24 25 101.3 2.401 890.15 2.981
25 70 101.3 2.401 690.15 3.589
26 41.58 105 8.6 1550 0.1822
27 25 105 0.4304 860.15 9.043
28 47.96 105 8.168 1237 0.1395
29 46.82 105 17.89 12210 8.196
30 35.01 105 17.03 12230 8.42
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Table 3 Mole balance in the proposed system streams

Component
(mole Stream Number
fraction)
1 7 16 5 30 28 29 33 34
Methane 0.5 0 1 0 0 0 0 0 0.5
Hydrogen 0.05 0 0 0 0 0 0 0 0.05
Water 0 0.0765 0 0 0.8622 0.1068 0.8497 0.0287 0
CO: 0.43 0.0677 0 0 0.022 0.0235 0.0389 0.9708 0.43
Nitrogen 0.02 0.7354 0 0 0 0.7473 0 0.0004 0.02
Oxygen 0 0.1205 0 0 0 0.1224 0 0.0001 0
Heptane 0 0 0 1 0 0 0 0 0
Solvent 0 0 0 0 0.1158 0 0.1114 0 0

S o5 9 oSSl iz a8 gileand @bl awlis ¥ Jgue

Table 4 Comparison of simulation results for the carbon dioxide absorption process and gas turbine

Parameter Work Present Error (%)
Carbon Dioxide Absorption Reference [33]
Flue gas mass flow rate (ton/h) 3050 3050 0
Monoethanolamine weight fraction 0.3 0.3 0
Solvent mass flow rate (ton/h) 10827 10733 0.87
CO:z removal (wWt%) 90 89.88 0.13
Stripper column pressure (kPa) 190 190 0
Stripper reboiler temperature (°C) 121.1 121.56 0.38
Stripper condenser temperature (°C) 100.3 101 0.7
Reboiler duty (GJ/h) 2439 2446 0.29
Gas Turbine Reference [35]
C-1 Outlet Temperature (°C) 341.24 339.1 0.63
Air Preheating Temperature (°C) 576.85 576.9 0.86
Gas Turbine Outlet Temperature (°C) 604.49 603.2 0.21
Gas Turbine Inlet Temperature (°C) 1056.85 1061 0.38
Flue Gas Outlet Temperature (°C) 380.05 376.8 0.86
Flue Gas Flow Rate (kg/s) 80.71 80.71 0
Flue Gas Outlet Temperature (°C) 380.05 376.8 0.86
Flue Gas Flow Rate (kg/s) 80.71 80.71 0
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Table 6 Results of energy and exergy evaluation for the proposed

system

Parameter Value

Net Electrical Power (kW) 5240

Cooling Capacity (kW) 810

Heating Product Load (kW) 467

Fuel Energy (kW) 8986

LNG Energy (kW) 3502

Biogas Exergy (kW) 9538

LNG Exergy (kW) 3652
Organic Rankine Cycle (ORC) Energy 16.46

Efficiency (%) ’
Gas Cycle Efficiency (%) 41.82
LNG Cold Utilization Cycle Efficiency
o 46.07
(%0)

Overall Energy Efficiency (%) 52.19
Overall Exergy Efficiency (%) 40.59
System Electrical Efficiency (%) 41.96
CO: Capture Rate (%) 65.81

Fossil Fuel Saving (%) 34.1
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Table 5 Energy balance and exergy destruction rate equations for
components used in the proposed process

Component Energy Balance Exergy Destruction
K-100 1y hy + W = t,h, E, +W-E,
K-101 thzh; + W = m,h, E; +W-E,
E-100 i“‘mh :;5 T“rgzhg E, +Eg —Es —
E-101 fohy = Q + ity ohyg Eq — Eqp
E-102 I:II%}E%I Tsrgizhu Eio + Es — Eyy — By
E-103 ’:ﬁifj}; Tﬁ;{lls By + By —Eiy — Eyg
E-104 1’11;};9}1; Tzllhhzz;hzz Eio + Epy — Ezo — Ezp
E-106 123;1};211; Tﬁl};ﬁl% Egy + Egs — Eqz — Eg
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Table 7 Comparison of energy efficiency with other articles

Studies | Source Subsystem Output Efﬁg/lency
(]
Solar collector,
L ;ﬁr&hesm, Electricity
electrolyser, ’Wf;f:?
[47] Biomass refrigeration coolin’ 201
-solar cycle, ORC, gas ammon%e,l ’
turbine, biomass and >
gasifier, air
separation unit, e
RO desalination
Fuel cell, steam
generation,
electroly_ser, gas Hydrogen
turbine
[48] Coal . ’ and 29.2
integrated electricit
gasification y
combined cycle,
coal gasification
Desa}l)lgl;;{tlon, Fresh
electrolyser, watf:r_,
[49] Solar solar tower electricity 23.2
ORC, steam h ;ﬁ)d en
Rankine cycle ydrog
Gas turbine Electricity
. Bi COz capture, ’ he.at,
This | -Biogas | qpc water | <°0lng 52.19
work | NG boiler, LNG c;rl‘)in
cold utilization L.
dioxide
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Figure 4 Exergy flow diagram for the proposed combined process
based on biogas fuel
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Table 9 Assumptions related to fuel costs and product incomes

Value Factor / Parameter Ref.
40 $/ton CO: (carptl(i)(rzledioxide) [5]
0.12 $/kWh Electricity price [54]
0.114 $/kWh Cooling price [55]
0.05 $/kWh Heating price [54]
7.36 $/GJ Biogas cost coefficient [56]
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Table 10 Results of the annual profit evaluation of the proposed

system
Parameter Value (USD)
Total capital cost ($) 13,534,716
Annual fuel supply cost ($) 1,651,175
Annual process cost ($) 6,162,747
Annual revenue ($) 7,102,197
Annual process profit ($) 939,450
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Table 8 Thermo-economic evaluation results of the proposed

process
Parameter Value
Total Equipment Cost ($) 13,534,716
Total Capital Investment Cost Rate ($/hr) 243
Fuel Cost Rate ($/hr) 253
Total Cost Rate ($/hr) 496
Cost per Unit Product Energy ($/GJ) 74.25
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Annual profit = annual income — annual system cost (f1)
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Annual income = power price + cooling price (fY)
+ CO, price + heat price
capital cost
Annual system cost = m + energy cost AP
Energy cost = Biogas cost (fF)
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Figure 7 The impact of stream 6 temperature on the system's
power generation capacity and its thermodynamic performance
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Figure 8 Impact of stream 6 temperature on the total cost rate and
the cost per unit of products
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Figure 5 The effect of fuel cost rate on the cost per unit of product
and the total cost rate
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