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Figure 1- Schematic diagram of a trigeneration system (combined production of electricity, heating, and cooling) utilizing biomass fuel.
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Figure 2- Process flow diagram of the proposed trigeneration system.
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Table 1- Operating Conditions of the Streams in the Proposed Process

Stream T (°C) P(kPa) Flow (tmele) stream T (°C) P(kPa) Flow (kmete)
1 25 101.3 292 2 25 101.3 1922
3 1808 101.3 2178 4 300 101.3 2178
5 85.92 2000 967.8 6 400 2000 967.8
7 335.7 28.09 967.8 8 85 28.09 967.8
9 30.62 980.41 1537 10 200.2 1000 1537
11 85.92 2000 967.8 12 125.2 7.85 1537
13 30.19 7.85 1537 14 27.78 700 2594
15 101.1 700 2594 16 30.62 1000.42 1537
17 46.45 85 2594 18 27.41 85 2594
19 27.78 700 2594 20 110 101.3 2178
21 21.42 3000 586.4 22 180 3000 586.4
23 180 3000 242.8 24 180 3000 343.6
25 81.94 200 242.8 26 35 3000 343.6
31 60 101.3 1544 27 35.65 200 343.6
28 69.04 200 586.4 29 21.02 200 586.4
30 25 101.3 1544 32 21.42 3000 586.4
33 35 101.3 2178 34 28.89 2000 2545
35 98 2000 2545 36 98 2000 231.6
37 98 2000 2313 38 30 2000 2316
39 -0.9847 400 2316 40 13 400 231.6
41 25 101.3 3914 42 10 101.3 3914
43 25 101.3 4118 44 60 101.3 4118
45 40 2000 2313 46 35.48 400 2313
47 35.02 400 2545 48 28.63 400 2545
49 28.89 2000 2545

LB S sl 052 dilgn -V Jgux
Table 2- Mass Balance for the Kalina Cycle
Stream 22 | 23 | 24 | 25 28
Mass fraction
Water 0.6 0.31 0.8 0.31 0.8
Ammonia 0.4 0.69 0.2 0.69 0.2
92 ke S ln ey dijlge Y Jgua
Table 3- Mass Balance for the Absorption Chiller Cycle
Stream 34 | 36 37 48 39
Mass fraction
Water 0.5 0.026 0.55 0.5 0.026
Ammonia 0.5 0.974 0.45 0.5 0.974
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Table 4- Comparison of Simulation Results for Organic Rankine Cycles

Ahmadi et al. [17] This study
Stream T (°C) P (kPa) Stream T (°C) P (kPa)
1 85 28.09 8 85 28.09
2 85 2000 11 85.92 2000
3 400 2000 6 400 2000
4 335.7 28.09 7 335.7 28.09
Error = 1.07%
Liao et al. [26] This study
Stream T (°C) P (kPa) Stream T (°C) P (kPa)
1 200 980.41 9 200.1 980.41
2 126.66 7.847 12 125.2 7.847
3 30.19 7.847 13 30.19 7.847
4 30.6 1000.42 16 30.62 1000.42
Error =1.15%
Tian et al. [27] This study
Stream T (°C) P (kPa) Stream T (°C) P (kPa)
Work Fluid 1 27.78 700 14 271.78 700
Work Fluid 2 101.1 700 15 101.1 700
Work Fluid 3 46.49 85 17 46.45 85
Work Fluid 4 27.41 85 18 2741 85
Error= 0
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Table 5- Energy Efficiency Components for Subsystems and Corresponding Energy Efficiency Equations

Subsystem Useful energy Energy inlet . Den i
. . 7% - W,
ORC1 Wri00 = Wr1oo g (hs — hy) M
m3(h3 _.h4)
. . w. - W,
ORC2 Wri01 = Weio1 ms(h7 - hs) M
ms(h7 _.hs)
. . 7% - W,
ORC3 Wri02 = W02 Mya(hiz — his) M
_ mlz(hu — hy3)
. ; : w, - W, +my.(hy; —h
Kalina CyC|e Wri03 — Weios + m31(h31 - h30) mzo(h4 - hzo) T .P103 m31( Lk 30)
Thyo (hy — hyg)
Absorption . . . p g (hay — haz) + 14s (Mg — has)
ChiIFIJer Ty (hay = haz) + Mg (hyy — hys) 1M50(hz0 = haz) + Wioa Titgo (g — has) + Waroa

() alaly 90 4 (e 2SI 5,51 55l wtiph 0 4205 5 55 3 355 sl 4y S 0 3 85 e T (5,

g Mljé-
WT100 + WTlOl + WT102 - WPlOO - WPlOl - WP102 &)
1 (s — hy)
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Brore = 100 X

Wnt;;gen = Z Wturbine - Z Vi/pump
. =1 i=1
Hngen = 1yq(hyg — hyz) + M3 (h3y — h3o) W)
.éngen = 1y (hyy — hay) Q)
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Table 6- Overall Results for Energy Evaluation and Performance of the Proposed Trigeneration Structure

Parameters Value
Biomass energy inlet (kW) 23716.54
Heating power load (kW) 4007
Cooling power load (kW) 1190
Electric power load (kW) 14336
Trigeneration energy efficiency (%) 82.36
Primary energy saving (%) 56.08
Heat integration performance factor 0.78

ORC-1 : 4—C00]ing Powe r————
—33960 KW S |
4778 kW i & "-. -
B, 8
%‘
29180 kw Heating Power 19 kW
Heat Recovery 440 kW LW
Y ) 1093 kKW
SH01 kW 2014 kKW
% |

23380 kW ORC-2 E | - ESEE -

0 .
Ll
3317 kW - r 1

Kalina 1 ACH

ORC—3 3129 vy
Combustion Gas: 3652 kW

Figure 3- Energy flow diagram for subsystems in the trigeneration process
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Figure 4- Comparison of energy efficiencies among the subsystems
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Figure 5- Comparison of the energy efficiency of the proposed configuration under different operating conditions
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Table 7- Comparison of energy efficiency with previous studies

Studies Output Source Subsystem ?(%)
Biomass gasification, Brayton cycle,
[34] Electricity, cooling, heating, and biomass Absorption cooling cycle, Brine waste 66.4
fresh water water treatment system, Thermoelectric
generator, Organic Rankine cycle
lectricity. h i . two steam cycles, a gas cycle, hot water
[35] Electricity, hot water, and cooling biomass chamber, and an absorption cycle 64
. . . biomass gasification and heat recovery,
[36] Heating, power, and cooling biomass water gas shift, and CO, capture 53.25
. . . . Triple ORC, kalian, absorption chiller,
This study Heating, power, and cooling biomass biomass combustor 82.36
ooy, el s dung i 53 (oS i8Il 033l dunnyliio A Jgur
Table 8- Comparison of electrical efficiency with previous studies
Studies Output Source Subsystem D5 (%)
chemical looping air separation unit, fluidized
. bed gasifier, solid oxide fuel cell, post
[37] power biomass combustion chamber, heat recovery and steam 517
generator, steam turbine
biomass-based solid oxide fuel cell, and gas
[38] power biomass turbine system combined with the organic flash 49.37
cycle
biomass gasification, molten carbonate fuel cell,
[39] power biomass an externally fired gas turbine, and a supercritical 40.88
carbon dioxide cycle
. . Triple ORC, kalian, absorption chiller, biomass
This study power biomass combustor 60.45
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Table 9- Exergy Destruction Equations for Equipment Used in the Process

Components Equations
BCM-100 E, +E, —E;
E-100 By + B —E,—E,
P-100 Eg+W—E,
T-100 E—W-E,
E-101 B, +Eg—Eg—Eyp
P-101 B, +W—E;
T-101 Ejg—W-E},
E-102 E14 + E12 _ E13 _ E15
T-102 B —W-—E;,
E-103 E;, —Ejg
P-102 Eig+W—Ep
E-104 E,+Ey — By —Epp
P-103 By + W—E,,
V-100 By — Eps —Ep
T-103 By —W—E,.
E-105 Ejo + gy — Bgs — Egp
E-106 E30 + E24 — Eze — E31
VLV-100 By — K,y
V-101 E35 — E35 — E37
E-107 Eas — Eag
VLV-101 Eag — Eao
E-108 Eyg — Egq
E-109 E41 + E39 — E40 — E42
E-110 Egz+ By —Eys —Eyy
VLV-102 Eas — Eug
E-111 Eay — Eug
P-104 B+ W—E,
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Table 10- Energy Efficiency Components for Subsystems and Energy Efficiency Equations for Each Section

Subsystem Ep Ep o
. . Wr100 — W,
ORC 1 Wri00 — Wp1o00 ms(es — ey) ’.1‘100 P100
m3 (e _.94)
. . Wri01 — W,
ORC 2 Wr101 — Wpio1 g (e, — eg) T101 P101
.mg(e7 _.ea)

WT102 - WP102

ORC3 WT102 - WPlOZ myz(e12 — €13) -
_ m12(?12 —e3)
. . . . . W93 — Wpyg3 + M€
Kalina Cycle Wri03 = Wpios + 131631 Myo(es — €20) 103 v 13
Tiyg (84 = €30)
Absorption . . . . Ty (hay — hap) + 1as(has — hys)
f Myz€4 +Myg4y Thyo(€z0 — €33) + Whpigs . 7
Chiller Thyo(ea0 — €33) + Wpigs
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Table 11- Overall Results for the Exergy Evaluation and Performance of the Proposed Structure

Parameters Value

Biomass exergy inlet (kW) 26303

Heating exergy load (kW) 218.34
cooling exergy load (kW) 30.98
electric power load (kW) 14336
Trigeneration exergy efficiency (%) 55.32
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Figure 6- Fuel and Product Exergy Flow Diagram for the Proposed Subsystems
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Figure 7- Comparison of Exergy Efficiency Among Subsystems
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Figure 8- Comparison of Exergy Efficiency of the Proposed Structure Under Different Operational Modes
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Table 12- Comparison of Exergy Efficiency with Previous Studies

Studies Output Source Subsystem Eex (%)

two steam cycles, a gas cycle, hot water chamber,
and an absorption cycle

biomass gasification and heat recovery, water gas
shift, and CO2 capture

Biomass gasification, Brayton cycle, Absorption

[35] Electricity, hot water, and cooling biomass 3451

[45] Heating, power, and cooling biomass 26.82

Electricity, cooling, heating, and

[34] freshwater biomass cooling cycle, Brine wastewater treatment system, 44.4
Thermoelectric generator, Organic Rankine cycle
This study Heating, power, and cooling biomass Triple ORC, kalian, absorption chiller, biomass 55.32

combustor

50 0l do,yo YOIV a5 canl ooy OlgelS VOYEY L plp g pdobeaiS p l)lo solgtan anld (V) Jga> 4 axgib
VeRVA L ol ggamme 40 555 90 (ol 10 (65,551 w58 9 ol oals &, E-100 5 ,1,> Jawe ,0 ] swsyo YY/Y BCM-100
235 (SlaskS OVO ) 1 JT 5o, 42 el 4 bogt o (65,551 55 i Gy (1) S5 3o ol o0 sl
Sl oSl a3 > lajise 4 1S090 55 51 (65,50 sl aalsy E-1055 E-104.E-100 5, > Jous duw (duo,0 YA) Col
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Table 13- Exergy Calculation Results for Equipment Used in the Proposed Process

Components Ep Ep Ep € Y,
BCM-100 26746 21355 5391 0.798 0.353
E-100 19518 14291 5227 0.732 0.321
T-100 5394 4903 491 0.91 0.032
P-100 125 93 32 0.744 0.0021
E-101 8990 8063 927 0.896 0.06
T-101 6708 5885 823 0.877 0.054
P-101 84 69 15 0.821 0.001
E-102 4169 4050 119 0.971 0.0078
T-102 3938 3373 565 0.856 0.037
P-102 56 47 9 0.839 0
E-103 178 137 41 0.769 0.0026
E-104 1361 866 495 0.636 0.032
V-100 946 910 36 0.961 0.0023
T-103 521 453 68 0.869 0.0044
E-106 231 60 171 0.259 0.011
VLV-100 8 2 6 0.25 0
E-108 160 38 122 0.237 0.008
P-103 14 12 2 0.857 0
E-105 660 487 173 0.737 0.011
V-101 1164 1150 14 0.987 0.009
E-107 471 326 145 0.692 0.0095
E-110 371 159 212 0.428 0.013
VLV-101 330 317 23 0.93 0
E-109 106 31 75 0.292 0.0049
VLV-102 318 293 25 0.921 0
E-111 497 444 53 0.893 0.0035
P-104 34 27 7 0.794 0
Total Destruction = 15267 KW
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Figure 9- Comparison of Exergy Destruction Ratios Among Subsystems
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Figure 10- Effect of Combustion Gas Temperature at the Outlet of E-100 on Turbine Power Generation, Thermal Power Production, and
Net Power Output of the System Structure
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Figure 11- Effect of Combustion Gas Temperature at the Outlet of E-100 on the Parameters HIPF and PES
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Figure 12- Effect of the Working Fluid Temperature at the Outlet of E-104 on Power Generation, Heating Power, and Heating Exergy in
the Kalina Cycle
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Figure 13- Effect of Combustion Gas Temperature at the Outlet of E-105 on Heating Power and Cooling Power Production in the ACH
Cycle
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Figure 14- Effect of Combustion Gas Temperature at the Outlet of E-105 on the Parameters PES and HIPF
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In this study, a novel configuration of a biomass-fueled tri-generation system—capable of producing power, heating, and cooling—
is proposed and analyzed through comprehensive energy and exergy assessments. The proposed design incorporates an innovative
heat recovery strategy with a coefficient of performance (COP) of 0.78. The system under investigation comprises several integrated
components, including a biomass combustion unit; a three-stage Organic Rankine Cycle (ORC) utilizing octane, heptane, and R-
141b as working fluids for electricity generation; a Kalina cycle for combined power and heat production; an absorption refrigeration
cycle for cooling and heating purposes; and thermally integrated heat exchangers. The study further explores the influence of key
parameters—such as the exhaust gas temperature after the first ORC stage, the working fluid temperature in the Kalina cycle, and
the outlet gas temperature from the absorption cooling section—on primary energy savings and the energy product generation rates.
The results demonstrate that the proposed system achieves energy, exergy, and electrical efficiencies of 82%, 55%, and 60%,

respectively.
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