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Abstract

This research introduces and evaluates an innovative integrated system based on biomass gasification, which
achieves the simultaneous production of green hydrogen and desalinated water, alongside electrical power and
heating, by leveraging optimal waste heat recovery. In this study, comprehensive energy, exergy, and
environmental analyses have been conducted on the proposed configuration. The results indicate that this
process achieves a thermal efficiency of 80% and an exergy efficiency of 42.55%. Based on the second-law
analysis, the gasifier and gas turbine components were identified as the primary sources of exergy destruction,
accounting for 48% and 34% of the total destruction, respectively. Parametric studies suggest that by
optimizing operating pressure and combustion air temperature, the system’s exergy efficiency can be enhanced
to 46%, and the carbon emission index can be reduced to an optimal value of 0.097 kg/kWh. The findings of
this research demonstrate the high potential of integrated systems in improving efficiency indicators and
provide a practical framework for the development of sustainable, multi-generation energy infrastructures.

Keywords: polygeneration, green hydrogen, proton exchange membrane electrolyzer, organic
Rankine cycle, biomass, thermal integration.
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Fig. 1. Process flow diagram for the proposed process based on biomass gasification.
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Table 1. The composition of the biomass used in gasification and throughout the simulation [30 ,31].

Biomass Type Pine Sawdust Unit
Lower Heating Value (LHV) 23716.54 kJ/kg
Carbon 52.28 %
Hydrogen 5.2 %
Oxygen 40.85 %
Nitrogen 0.47 %
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Table 2. Assumed input parameters for the proposed system.

! Lagrange multiplier



Parameter Value Unit Parameter Value Unit
Ambient Temperature 25 °C Air-to-Gasifier Ratio 0.26 kg/s
Stream 3 Temperature 180 °C Air-to-Burner Ratio 4 kg/s

Stream 23 Temperature 379 °C Ambient Pressure 101.3 kpa
Stream 25 Temperature 100 °C Stream 24 Pressure 19 Kpa
Stream 35 Temperature 32 °C Stream 14 Pressure 960 Kpa
Stream 17 Temperature 1000 °C Stream 16 Pressure 960 Kpa
Stream 11 Temperature 40 °C Stream 4 Pressure 101.3 Kpa
Stream 13 Temperature 90 °C Stream 19 Pressure 109 Kpa
Biomass Mass Flow Rate 0.32 kg/s Seawater Salinity 70000 ppm
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Table 3. Operating conditions for process streams.

Stream | Temperature| Pressure | Mass Flow Rate | Enthalpy Entropy

°C Kpa kg/s k]/kg k]/kg-K
1 25 101.3 0.32 160.9 5.626
2 25 101.3 0.26 0.2841 5.258
3 180 101.3 0.26 159.1 5.688
4 800 101.3 0.26 159.1 5.688
5 755.2 101.3 0.58 1500 8.981
6 750.7 101.3 0.58 1507 8.975
7 25 101.3 0.015 15870 9.06
8 90 101.3 0.0158 15590 8.236
9 30 101.3 0.0017 71.56 0.2385
10 30 101.3 0.01333 4.355 0.01532
11 40 101.3 0.58 2540 7.283
12 25 101.3 2.276 15850 3.077
13 90 101.3 2.276 15590 3.876
14 334.7 960 0.58 2135 7.352
15 25 101.3 4 0.2841 5.258
16 312.7 960 4 299.3 5.31
17 1000 960 4 1079 6.185
18 1909 960 4.58 671.6 7.092
19 1175 109 4.58 298.3 7.169
20 621.3 109 4.58 978.9 6.578
21 242.4 109 4.58 1409 5.955
22 232.4 2100 3.396 211.8 1.79
23 379 2100 3.396 792.2 2.797
24 278 19 3.396 605.7 2.835
25 100 19 3.396 282.8 2.134
26 91.25 19 3.396 114.6 1.044
27 92.12 2100 3.396 111.2 1.047
28 232.4 2100 3.396 211.8 1.79
29 56 109 4.58 1608 5.477
30 25 101.3 2.756 16050 1.426
31 98 101.3 2.756 15720 2.416
32 47.06 10 2.756 15720 2.468
33 47.67 10 0.83 13380 10.85
34 47.67 10 1.926 16030 1.044
35 32 10 0.83 15830 3.171
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ex = exP" + ex‘h
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exh = Z x;ex™ + RT, Z x;Inx; ()
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Table 4. Relations related to energy balance and exergy destruction rate of equipment.

Exergy destruction

Energy balance

Equipment name

Exz + Efx4 - EX3 - Efxs
Exs + Ex, — Exg — Exg
Exg + W — Exg — Exy
Exg + Ex;, — Ex;; — Exy3
Ex;; + W — Exy,
Ex;s + W — Ex;¢
Ex; + Ex; — Ex,
Ex;¢ + Exq9 — Exq7 — EXpg
Ex;; + Ex;, — Ex;g
Eyxig — W — Exqq
Ex,o + Exy, — Exyq — EXy3
Ex,; — W — Ex,,
Ex,, + Ex,; — Exps — Expg
Exzs — Exz6
Ex26 +W-— Ex27
Ex3, — Exs,
Ex,1 + Ex3q — Expe — Exgy
EXs; — Exss — Exa,

EX33 - EX35

m,h, + myh, = mgh; + mghe
mghe + m;h; = mghg + mghg
mghg + W = righg + iy ohy,
mghg + My, hyp = My hyy + myzhys
myihy, + W= myzhy,
myshys + W= myehyg
m,h; + m3h; = myh,
myehye + Myghyg = my7hy7 + myehy
my7hy7 + myghy, = myghyg
myghyg = W+ myohyg
Myohy0 + Myzhyy = My hyy +myshys
myzhys = W+ myahy
my,hy, 4+ myshy; = myshys + Mmyghyg
Mh,shys = Q + iyehyg
M,ehye + W = 11,50y,

Mg hgy = ms;hs;

Myqhyy + mzohz = Myohyg + Mz hsay
My, hg, = mazhss + mashs,

Mhsshs; = Q + myshss
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Table 5. Key results of thermodynamic analysis.

parameter Value | Unit parameter Value | Unit
Biomass Energy 7589 kW | Electrical Efficiency 42.33 %
Exergy Efficiency of the Gasification

Net Power 3213 kw System 77.34 %

Freshwater Flow Rate 2988 kg/h | Exergy Efficiency of the Electrolyzer | 47.61 %

Hydrogen Flow Rate 6.05 kg/h | Exergy Efficiency of the Gas Turbine 46 %
- Exergy Efficiency of the Thermal

Thermal Efficiency 80 % Desalination 21.16 %
. Exergy Efficiency of the Organic

Exergy Efficiency 42.55 % Rankine Cycle with Recuperator 55.28 %

KW Jolee 0055y (65,551 ¢5log0s oyl (bl sl o ool ioles (V) IS5 50 (65,551 bz Sloges
] 00 dloes ADYY

199 kW
Hydrogen
418 kW
Electric power Flectric ) PEME Water boiler
: powel ,—b _I

Heat exergy

heat exergy T ea (;xmg;
i I Heat exergy 107.3 kW

12 kW

307 k‘WJ *

Syngas
—  RORC [~yne
Fuel exergy
1 Biomass
4 9694 kW |
Heat exergy v Fuel exergy
1118 kW Gas turbine 8533! kW
cycle |
heat exergy
|
Heat exergy 260 kW
271 KW

desalination exergy
i
56.33 kW

\
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Fig. 2. Exergy flow diagram for the new process based on biomass gasification.
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Table 6. Results of exergy analysis calculations for the equipment used in the proposed process.

9; & Exp Exp Exg Equipment name
Gasification System
0.0028 0.63 11 19 30 E-100
0.48 0.77 1942 6599 8541 Gasifier

Total Exergy Destruction = 1953 kW

Electrolyzer Section
0 0.75 3 9 12 E-101

0.054 0.48 219 199 418 PEM

Total Exergy Destruction = 222 kW

Gas Turbine System

0.003 0.95 12 223 325 K-100
0.018 0.94 72 1136 1198 K-101
0.058 0.9 236 2076 2312 E-103
0.24 0.9 974 8720 9694 FC
0.025 0.98 101 4442 4543 T-100
Total Exergy Destruction = 1395 kW
Water Boiler
0.022 0.71 89 218 307 E-102
Organic Rankine Cycle with Recuperator

0.04 0.85 163 954 1118 E-104
0.01 0.94 40 633 673 T-101
0.0037 0.87 15 99 114 E-105
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0 0.83 2 10 12 P-100

Total Exergy Destruction = 221 kW

Thermal Desalination System

0.017 0.73 71 189 260 E-107
0.019 0.58 79 110 189 VLV-100
0 1 0 381 381 V-100
0.003 0.91 12 118 130 E-108
0.0057 0.93 23 288 311 E-106

Total Exergy Destruction = 185 kW
Overall Total Exergy Destruction = 4065 kW

%0

%Y
/’ « EVD
Y%A ' * RORC
%Y = water boiler
GTS
= PEME
- - Gasification system

(ol el (Sl 1 5 (6555 350 o Aoy Ulo - S
Fig. 3. Comparison of the share of exergy destruction in thermally integrated subsystems.
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Fig. 4. Comparison of the share of exergy destruction of equipment in the gas turbine section.
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Fig. 5. Comparison of the share of exergy destruction of equipment in the Organic Rankine Cycle with
recuperator.
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Fig. 6. The effect of recuperator pressure changes on system product production.
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Fig. 8. The effect of air temperature changes to the fuel burner on the production of system products.
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Fig. 9. The effect of air temperature changes to the fuel burner on the carbon emission factor and overall
exergy efficiency.
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Table 7 - Comparison of the performance of the current system with previous studies

Reference Energy Products Energy Exergy Key Innovation
Source Efficiency (%) Efficiency (%)
Sazer and Koc [21]  Solar and Hydrogen and 73.3 30.6 Combination of
Wind Electricity intermittent renewable
sources
Hosseinpour [17] Municipal  Electricity and Heat 75.3 41.6 Oxygen-fed
Solid Waste gasification
Emadi [18] Geothermal LNG and Hydrogen 71.8 23.44 Thermoeconomic
optimization
Present Study Biomass  Power, Fresh Water, 80 42.55 Two-stage thermal
Heat, and Hydrogen integration
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