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Abstract : In this paper, the commercial feasibility of trigeneration, producing heat, power, and hydrogen (CHHP) and using
biogas derived from macroalgae (i.e., seaweed biomass feedstock), are investigated. For this purpose, a commercial scale
trigeneration process, consisting of three MW solid oxide fuel cells (SOFCs), gas turbine, and organic Rankine cycle, is designed
conceptually and simulated using Aspen plus, a commercial process simulator. To produce hydrogen, a solid oxide fuel cell
system is re-designed by the removal of after-burner and the addition of a water-gas shift reactor. The cost of each unit operation
equipment in the process is estimated through the calculated heat and mass balances from simulation, with the techno-economic
analysis following through. The designed CHHP process produces 2.3 MW of net power and 50 kg hr'' of hydrogen with an
efficiency of 37% using 2 ton hr' of biogas from 3.47 ton hr' (dry basis) of brown algae as feedstock. Based on these results, a
realistic scenario is evaluated economically and the breakeven electricity selling price (BESP) is calculated. The calculated BESP
is ¢10.45 kWh'', which is comparable to or better than the conventional power generation. This means that the CHHP process
based on SOFC can be a viable alternative when the technical targets on SOFC are reached.
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2.1.1. HIO|RJIA FZ2|

o] Aol A<= Fasahati et al. [3]°] AW 4 2] o
Aot @717 A3k3AS o]-&oto] Hio|QItAE AYAkgithal
7Hgotatt. Al7tg HiolotA 28-S Aol W AXFTH
71 ARFS 34729 thAurh AT ohAEke] ¥4
43t2 BAHE Hlo] @7t A= ATFO] FShEA(HS)Y B
GO oJAISFEA(CO)E ZFTIT AAE SOFC §=& T
A7)0, FA = AREAQ] Hio| kA FAE W& HE
o] Q7tA 9] FAE MAst AT 1&5& WA A=
SOFCOl 4] 3]&5= H,89] | 5|8 X< 1 ppm O &
A7 SAZE BRSHH5]. Hio|7tAS] FAS A7
H,SE AAsH] sl 1% 5= Al 7| (water scrubber) E A
slotd(Zn0) S5 A9 sholth AW A9 Hio]7kA
£/ Table 10 YeRHSIth AIAE Hpo]@7tAE 1129
SOFC uj7] 7129} dmghss] 7FAHTE.

Table 1. Biogas composition before and after cleanup [15]

molar composition (%)

Component before cleanup after cleanup
CH,4 27.50 49.54
CO, 38.20 1.12
H, 26.30 44.89
H,O 5.30 0.31
N, 0.15 0.28

(0]} 2.08 3.86
NH; 0.10 1 ppm

H,S 0.46 1 ppm
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Table 2. Gas composition at anode exhaust

Components Mole (%)
(6[0) 8.9
H, 213
CO, 18.0
HO 52.6
N, 0.1
H,S 0.7 ppm

2.1.2. SOFC A|AH
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Table 3. Economic parameters for discounted cash flow analysis

T2 YolAle}, ojolH S4sA M HSIIoH }e 58
2 73 T2 YAAAL 9% B AAT ] 247} 0%
A H et o] & A HF 5 Z(pressure swing adsorption, PSA)
2 Agtol 548 272 AAISte] 90.09%0] E4T S
50 kg hr'E AARSITE ofwff, PSA FAo] AE 7hEItEE
PSA &7 559 4FE PSA 9 SF2E ARESIo] PSA
U8 359 4 =7t P 75% ool HEF sfof gt
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& A9 S719F A7 S &9 fAle &dd] 85
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o] AtoA AAE AL 54 BAEE 45171 Hsi
ALEEE AAE B7F BEE YT 71eE AMgShe 71E SHE
o ZAste] BAd= B7tets “ndiA EHE” WIRICE, 53]
b= AR o | A Aart et Hdlg 7|Hto & JhH{19].
A8 B7oll AHEE 8 wi7i¥Sg== Table 3o YERAICH

SOFC ©]9l9] 4=7], $F71, WXL, Fugyy| 59 A= 7142
ge] 427 Bare module H& ARSI 2H[20], 57] X1 Ato]
9] 7}A-& Ghirardo et al. [21]0] J3}] A= UK Equation (1)).

Parameter Value
Cost basis year 2016 dollars
Plant life 20 years
Depreciation method (recovery period) MACRS (5 years)
Tax rate 35% per year
Working Capital 5% of fixed capital investment
Land 6% of installed cost
Salvage Value 0%
Construction Period One year
Start-up period 3 months
Revenues during start-up 50%
Variable costs incurred during start-up 75%
Fixed costs incurred during start-up 100%
Operating hours per year 8000 h year
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Figure 1. Process flow diagram of the proposed CHHP system.

P 0.867
Cost e = 2,345x10° (1‘13“165) (1)
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priceyE Al4tsto] FAZES H|wst= AL E AFESHAET,
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Table 4. Simulation conditions and main results of the CHHP

process
Biogas flow 2,000 kg hr’!
Pre-reformer methane conversion 37%
Tsorc 850 C
U, 25%
Uy 75%
Net Power 23 MW
Voltage 0.7V
SOFC Efficiency (LHV) 47%
Overall Efficiency (LHV) 37%

H, production 50 kg hr!




100 Ivannie Effendi - & =

Table 5. Plant electricity breakdown

Segments Unit Power / kW
Fuel compressor -122
Feed pre-treatment .

Air compressor =277

SOFC 3000

Blower -52

ORC Turbine 266

Pump -17

. Compressor 1 -210

Hydrogen production

Compressor 2 -247
Net Power 2,342

Fixed Costs Hydrogen ] Biogas ] Capital Recovery Charge

Utilities : 1.28c
SOFC-ORC : 18.06¢ [

Hydrogen Handling: -8.89c

-15 20

10 5 0 5 10 15
Cost Contribution / Cents kwh™

Figure 2. Cost contribution of process areas towards BESP.

3.2. B4 =24 A4t

THRAE B 2L BASAE olgdtel AmuAet
ORCEZ A9J3F Uprix] o] 2aA0) 2712

EHES AMHESFII[9], ORC= Equation (1) AHESHo] 2zt
o] AAMAE F5HA. 2.20014 AFRE HIQ} o] FA
B2 20808 7HRS W, AAS] SOFC AE19] =12 A
o= 7] gzo] 2819 A8 WA|7F Yashy o] Bjg-2 W
SHlo] 1Estgict. 2E2H o=, ALt BESPE ¢10.45 kWh'
Z YElTE Table 69 & A5 (total capital investment,
TCI), & H-5H|(total variable operating cost) & Z 117 H](total
fixed operating cost) 5-°] AZ]H 3}t

Hho] @ 7k 0] 7FAL 10%9] o] 71g5te] $0.125 kg' O
& 7Hgstat=dl, ot 9 Figure 20 UERd ¥Re} o] BESPY
M 2 FFS T AR UEYHh olg w2 Ho| T}
29] 7HALE o] AFHHE 34 8 FARER] ¢4 wHjE
A B2 A s=d), o] Aol 40 7HAL $5 kg' o2
7P = it

CHHP 3739) A4 B4o] A8 22 dAuzse] 4
sfofl W2 BESPS] oS Tjokaly] Sla) s BHo| 5
3L, A= Figure 30 Yeof ot ofuf ARGH 7S
= SOFC A" 714, $=4 o 714, 174 EX}H|(fixed capital
investment, FCI), 12|37 W& o]2]E(internal rate of return, IRR)
o|t}. 44 mj 7FAo] $4.2 kg' — $6.5 kg' = WS uf, BESP
L 7z} ¢7.25 kWh', ¢12.16 kWh'2 WAt FCIZF +25%
— 25%% ¥5}H BESPE ZHZF ¢11.91 kWh', ¢8.98 kWh'=2
HAHEY oo 2 [RR7F 15% — 20%=2 H5H BESPE=

Table 4. Total capital investment, total variable and fixed
operating cost of the CHHP (in 2016 $)

Present Value / million $

Total Installed Costs (TIC) 3.8

Total Direct Costs (TDC) 4.4

Total Indirect Costs 2.7

Fixed Capital Investment (FCI) 2.7
Land 0.2

Working Capital 0.4

Total Capital Investment (TCI) 7.7
Total variable operating cost (per year) 3.0
Total fixed operating cost (per year) 3.0

SOFC Stack - +50%
(Base: $225/kW) +100%
Hydrogen Price - $4.2/kg

(Base: $5/kg) |  $6.5/kg

FCl 2% [

(Base: $7.1 mill.) +25%
IRR 15%
(Base: 10%) 20%
5 9 13 17

BESP / Cents kWh™
Figure 3. Sensitivity analysis of BESP.

Z¥zZF ¢12.69 kWh! & ¢15.25 kWh'2 ®H3lch Jajmo)A 4=
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4.2 E
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2.3 MW9] & A3} 50 kg hr'9] $42 AR} SOFCE
°]&3t CHP 343} Bl S W, SOFC A9 8 2ol
ofj el W& Aot B&7 MU JFS nXth= o]
ok I3y o] FA0NA Ak BAET] e, o] 549
BESP: ¢10.45 kWh'2 4=214o] g]t}. o] BESP g2 20174
o= gt A7) 7HA 3} GARSHY, AQHE CHHP ZEA|A7L
AR A 7hssite AS S8Rt

o] =R BAYSE A&l 20191d)] 25t
o A7HgL.
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