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Abstract:

This study presents a biomass and solar-driven polygeneration system designed for the
simultaneous production of electricity, Freshwater, and methanol. Utilizing biomass,
seawater, and HITEC molten salts, the plant incorporates pyrolysis, gasification,
reforming, and methanol synthesis stages. Thermal energy for the gasification unit and
steam cycle is provided by solar collectors, with waste heat recovery optimizing overall
efficiency. A MED-TVC unit, integrated for desalination, achieves a production capacity
of 626.8 m?3/h with 52.23% efficiency. The simulation yields a 43.7% cold gas efficiency
and an overall exergy efficiency of 59.16%. Exergy analysis identifies the combustion
chamber and gasifier as the primary sites of exergy destruction. Economic evaluation
indicates a total capital cost of 1544 USD/kW and an electricity cost of 4.38 cents/kWh.
Multi-objective optimization via the NSGA-I1 algorithm identifies an optimal operating
point at 60.68% exergy efficiency and a methanol price of 278 USD/ton, effectively
balancing thermodynamic performance with economic viability.

Keywords: biomass, solar energy, methanol, MED-TVC, exergy analysis, multi-objective
optimization
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L Solid Oxide Electrolysis Cell (SOEC)
2- Proton Exchange Membrane (PEM)
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L. Solar Molten Salts

2 - Multi Effect Distillation with Thermal Vapor Compression
3 - Peng—Robinson-Boston-Mathias

*- Non-dominated Sorting Genetic Algorithm I1
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Figure 1. Schematic of the Biomass Conversion Process to Value-Added Products
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Tablel. Biomass Characteristics [6]

Stream component Flow rate  Temperature Pressure Exergy
(2 (C) (bar) (Mw)
1 HITEC 84000 500 1 16282.5
2 HITEC 84000 473 1 15206.5
3 HITEC 84000 290 1 4790.9
4 Sewage 120000 25 1 -
sludge
5 Pyrolyzed 120000 25 1 -
products
6 Pyrolyzed 95428.8 25 1 -
gas




7 Solid waste 24571.2 25 1 -

8 Water 2000 41 5 1.336
9 Water 2000 400 5 542.2
10 Syngas 97428.8 1070 1 37590.8
11 Air 280800 450 1 13196.5
12 Carbon 305371.2 900 1 45149.6

dioxide +
ash
13 Ash 245.6 900 1 251.9
14 Carbon 305125.6 900 1 44897.6
dioxide
15 Water 160000 67 16 629.0
16 Water 160000 201 16 21989.6
17 Water 160000 201 16 28940.0
18 Water 160000 420 16 51013.4
19 Power 0 0
20 Water 160000 100 0.25 13261.2
21 Water 160000 67 0.25 540.9
22 Syngas 97428.8 210 1 3187.2
23 Carbon 305125.6 220 1 3899.3
dioxide
24 Sea water 1200000 25 1 1.8
(with the
salinity of
3.9%)
25 Sea water 1200000 25 4 98.0
26 Sea water 1200000 33 4 245.4
27 Sea water 1200000 42 4 749.6
28 Sea water 1200000 52 4 16415
29 Sea water 300000 52 4 409.6
30 Sea water 300000 52 4 409.6
31 Sea water 300000 52 4 409.6
32 Sea water 300000 52 4 409.6
33 Water 158232.8 59 0.19 12052.3
vapor
34 Saline 141767.2 59 0.19 253.4
water
(brine)
35 Fresh water | 158232.8 59 0.19 402.9
36 Water 155544 54 0.15 10352.1
vapor
37 Saline 144456 54 0.15 190.6
water
(brine)
38 Fresh water 155544 54 0.15 294.5
39 Water 155224 50 0.12 8980.4
vapor
40 Saline 144776 50 0.12 137.8
water
(brine)
41 Fresh water 155224 50 0.12 216.6
42 Water 157842.4 43 0.08 7018.5
vapor
43 Saline 142157.6 43 0.085 124.248
water
(brine)
44 Fresh water | 157842.4 43 0.08 70.96
45 Fresh water | 626843.2 54 0.08 998.096




46 Saline 573156.8 43 0.08 564.032
water
(brine)
47 Fresh water | 626843.2 54 5 1102.536
48 Fresh water 626843.2 41 5 419.2
49 Fresh water | 624843.2 41 5 417.856
50 Fresh water | 624843.2 41 5 417.856
51 Syngas 305125.6 70 1 260.56
52 Carbon 97428.8 60 1 593.064
dioxide
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Table 2. Biomass specifications [9]

Pro ale alna 0 alé alna 0 %
ontent® % g
% VM FC MC Ash C H N S (0]
22.5 64.9 7.6 1.74 25.76 39.61 3.27 3.98 0.98 26.4 15.08

a: Water content = 100% - dry matter content
b: On a dry basis
c: By difference (0% = 100% -ash% - C% - H% - N% - S%)
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Table3. Reaction Details [28]
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Reaction Equation Reaction Type

Heterogeneous 1 C+2H, > CH,
2 C+H,0- CO+H,
3 C+C0,- 2CO
Homogeneous 4 CH, + H,0 < CO + 3H,
5 CO + H,0 < CO, + H,
MeOH 6 +3H, & CH,0 + H,0CO,
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Table 4. Relationships for Exergy Calculation
Equipment Exergy Destruction Exergy Efficiency

Heat exchanger EXp.cond = EXpho + EXp ci " EXp ho — EXp i
- EXD.hi Cond EXD_Ci = EXD_CO
: . . - EXD.co :
Turbine EXprur = EXpin — EXpout " Wryr
i i — W'I:Ul" T EXD in — EXD out
Pump EXp pump = EXp.out — EXp.in Up = EXp.out = EXpin
o P .
+ WPump WPump
Evaporator EXD.eva = EXD.in - EXD.out lIJEva . X
+ EXD.steam—in _ EXD.out B EXD.in
- ' . - E'XD.steam—out EXp steam—-out — EXp steam-in
Combustion chamber Expcc = EXpin — EXpour + Q
Ve = -
_ : : : EXD in EXD out
Gasifier EXp Gasif = EXp.biomass — EXp.out _ EXp out
LI"ge\Slf E
. D.biomass
Condenser T Wcond
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Table 5. Exergoeconomic Relationships
Parameter ' NO | Equation

Average fuel exergy cos$/GJt[31] 14 Crn =G, /ER,
Exergy destruction coste rat$/h[31] 15 G’%,k _ CF,kE%,k(if L%kis fixed) or

Co B, (if B is fixed)

Exergoeconomic factor [31] 16 fio = 22/ (Z+C5, +CE)
Specifi 2 17 n
pecific heat transfer area(m?/(kg/s)[32] ZH Aveets + Ao
SAvep =
Dt
Performance ratio [33] 18 D, *Ah,
PRyep =

ngﬁw *Cphw (T16 _T14)
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Table 6. Output composition and amounts from the gasifier and combustion furnace

Component  syngas before purification ~ syngas after purification Flue gas Mass fraction
Mass Fraction |:|0W(k79 Mass Fraction |:|0W(k79 Mass Fraction | Flow (’%9)
Biomass 0 0 0 998.6 0 0
Ash 0.01 1020.8 0.02 0 0 0
C 0 0 0.000 2786.6 0 258.3
CO, 0.04 3238.7 0.06 32156.6 0.3 93704.8
CO 0.6 50464.1 0.72 5287.6 0 0
H: 0.07 5793.8 0.12 3265.1 0 0
H-0 0.2 18929.9 0.07 0.3 0 0
N2 0.001 176 0.000 0 0.002 226447.4
0, 0.1 9516.4 0.006 256.1 0.7 627.6
CHg4 0 0 0 0 0 0
Cl, 0 0 0 0.5 0 0
S 0 15.2 0 0.6 0 0
HCI 0 452 0 0 0 0
NHs 0 0 0 0 0 0
HaS 0 0 0 0.004 0 0
SO, 0 4.3 0 998.6 0 0
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Table 7. Methanol Synthesis Reactor Results



Parameter Unit Value

Conversion rate (%) 55.56
Syngas feed to reactor (E 62084.4
h
Methanol produced (E 34492.2
h
Reactor pressure (bar) 45
Reactor energy (MW) -16.45
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Figure 2. Elemental efficiency of synthesis gas and energy and exergy efficiency
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Figure 3. Exergy destruction values in the proposed main sub-systems
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Figure 4. Effect of combustion temperature fluctuations on the volume fraction of component
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Figure 5. Effect of combustion temperature changes on the overall system efficiency
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Table 8. Capital Cost Estimation for the System

guipme Amo
Gasifier uUsD (M) 82.1
Heat Exchangers uUsD (M) 1.27
Heat Recovery Steam Generator uUsD (M) 6.44
Steam Turbine uUsD (M) 7.67
Gas Turbine usD (M) 14.38




Steam Condenser uUsD (M) 0.77
Drums usD (M) 020
Combustion Reactor usD (M) 0.10
Pumps usD (M) 097
Chillers USD (M) 8.34
Solar Panels UsD (M) 4.49
Total Fixed Capital Cost usD (M) 126.80
Operation & Maintenance usD (M) 25.26
Total Cost usD (M) 152.16
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Table 9. Electricity Generation Costs
Item ‘ Value (cents/kWh)

Fuel Cost 0.7

Capital Cost 2.78

Total Electricity Cost 4.38
Operation and Maintenance (O&M) Cost 0.9
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Table 10. Model validation [3]

Subsystem Validation Parameter Reference Present Relative Error
Value Model (%)
Gasifier CO in syngas (wt%) 54.8 56.5 3.01
H, in syngas (wt%) 6.89 6.60 4.39
Methanol Conversion rate (%) 58.32 55.56 4.97
Reactor
Rankine Cycle Net power output (MW) 25.05 23.47 4.72
MED-TVC Freshwater production (t/h) 611.4 626.8 2.46
Gained Output Ratio (GOR) 4.30 4.10 4.88
Economic Specific capital investment cost 1598.1 1544 3.50
Model (USD/kW)
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Figure 8. Optimization using the NSGA-I1 algorithm
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